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I. INTRODUCTION

This report describes an operational version of a computing pro-
gram for orbit determination based on an extension of the Schmidt-
Kalman minimum variance technique for processing tracking data.
This operational version, by members of the Technical Staff of the
Sperry Rand Systems Group, Sperry Gyroscope Company, Great Neck,
N. Y. was done on contract NA55:3509 under the direction of
R. K. Squires and D. S. Woolston of the Theoretical Division,
Goddard Space Flight Center.

The analysis on which the prototype program was based was
carried out by Samuel Pines and Henry Wolf of Analytical Mechanics
Associates, Inc. with assistance from R. K. Squires and D. S. Woolston
of Goddard Space Flight Center, NASA, and from Mrs. A. Bailie of
AMA. The prototype digital program was written by John Mohan of
AMA. The program makes use of portions of a least squares orbit
determination program written by Miss E. Fisher of Goddard Space
Flight Center. Significant contributions to the program have been
made by J. Behuncik, G. Wyatt, E. R. Lancaster and F. Shaffer of
Goddard Space Fiight Center.

This report is partly composed of material prepared by
D. S. Woolston (NASA) and John Mohan (AMA) and presented in GSFC

report X-640-63-144, dated July 1, 1963.

I-1



ITI. NOTATION

This section presents a partial list of symbols used in this

report. Most symbols are defined in the section in which they are

used; some of the more important which are used in several sections

are presented here.

DEC

F1,Fp,F3,F,

[c]
H
HA

1P

J2vJ »Ja 3
Jzo, 30,940

K(t)
[L]
L(t)

M(t)

N(t)

[~

azimuth angle

area of satellite normal to velocity vector
precession transformation matrix

drag coefficient

declination

elevation angle

perturbing forces acting on vehicle

general purpose orthogonal transformation matrix
angular momentum vector

hour angle

integral part of
zonal harmonic coefficients

Kalman weighting function
libration matrix
see equation 20

matrix relating &4 to errors in observation <3JC
including MA’ME’MpﬁMé’Mh’Md’Mlva’MX’My

matrix relation j;t to errors in observation
= M(t)s

nutation transformation matrix
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Ne

P(t),P(t,)

Q(t),Q(to)

electron density in ionosphere

covariance matrix of zfi. at present and initial times,
respectively

covariance matrix of NASA parameters at present and
initial times, respectively

Qlty)

vector between dominant body and vehicle
local two body position vector

initial position and velocity vectors

station location vector in system not including pre-
cession and nutation

vehicle position vector in base date system

ground station position vector in base date system
right ascension

point transformation matrix j%%

velocity of vehicle in base date system

velocity of vehicle with respect to reference body
velocity of station in base date system

earth rotation vector

A A
unit vectors in base date system, X toward Aries, Y

AA
normal to X in mean equator of base date, 2 normal to X,Y

major semiaxis

major semiaxis
earth's equatorial radius
see equation 7

speed of light
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TTB

&t

ot

declination

= Ro 'éo

z days from epbch.to Oh Jan 1, 1950

east, up and north unit vectors in base date system

east. and north vectors after correction for transmis-
sion time

modified east and north vectors of R/R system

functions relating position and velocity vectors at
an initial time to these vectors at a later time

height of station above the geoid
magnitude of angular momentum vector
hour angle

orbital inclination

unit vector in z direction

vehicle mass

mean motion

magnitude of R vector

magnitude of Ryp vector

magnitude of Ryg vector

magnitude of Ro vector

magnitude of R vector at rectification
initial time

present time

time of last rectification

t - t,

round trip range time (Section V)
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AN

L¥]

oS =<

A (t,t,)

range rate time (Section V)

length of time from epoch over which program is to
operate

tiﬁe limit on first iteration
time 1imit on subsequent iterations

time of a data point
corrections to station locations in u,v,w system

magnitude of initjial velocity vector

variation in X

rotation angle between true north and arbitrary north
of R/R system

B /o

variation in NASA parameters

Jial &

general rotation matrix

Greenwich hour angle

difference between predicted and computed observations
covariance matrix of observation .instrument
differential eccentric ancmaly

approximate parameter transition matrix modified to
include rectification effects

longitude‘of station

mass times gravitational constant
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P
P

Fo

.f’;"

-

Zp

@ (tyto)
.

' ¢(t,to)
% (tyty)
e

N

I (t,t,)

vector between two body and actual orbital positicn
at t

atmospheric density

one way range

two way range

range rate (one way)

station to vehicle range vector in base date system

station to vehicle vector after station location is
corrected for transmission time

standard deviation of measurements

one way transmission time

exact state transition matrix

station longitude

approximate (two-body) state transition matrix
approximate (fwo—body) parameter transition matrix
longitude of station

earth rotation vector

exact parameter transition matrix
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III. ANALYTICAL BACKGROUND
A detailed discussion and derivation of the Schmidt-Kalman

minimum variance technique as modified and extended for use'in the
present program is contained in Reference 1. 1In the present docu-
ment emphasis will be placed on the working equations required to
implement the method. Some essential concepts and distinctive
features of the method should be introduced, however, and asre des-
cribed briefly in this section.
A. Orbit Prediction Program

For the purpose of predicting position as a function of time
the program makes use of Encke's form of the differential equations
of motion. It therefore solves analytically the best local two-
body problem and numerically integrates the deviation from this
two-body reference trajectory. When the true trajectory departs‘
from the reference orbit by preset limits, a rectification is per-
formed; that is, the current true radius and velocity vectors are
used to define a new reference path.

B. Solution of the Two-Body Problem
In the particular solution of the two¥body problem used herein

problems associated with circular orbits and orbits of very low
inclinetion have been eliminated by expressing the solution in
terms of initial position and velocity vectors rather than vectors

based on position of perigee.
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C. Orbit Parameters
The choice of the elements used in the differential correétion
scheme is of utmost importance in predicting observations and other
orbit functions over a long time period. It may be shown (Refer-
ence 2) that the best choice for parameters is that in which only
one variable affects the energy or the mean motion of the orbit.
The conventional astronomical elements have this property. However,
three of these variables, the argument of perigee, the time of
perigee passage, and the ascending node become poorly defined for
near circular and low inclination orbits. The initial position
and velocity components do not have this difficulty. However, all
six of these affect the energy. A convenient set of parameters
has been derived in Ref. 3. These avoid the difficulties for
circular and low inclination orbits as well as restricting the
energy parameters to a single element. The variational parameters
are as follows:
Aeot1(t) A rigid rotation of R about R such that R'é
remains constant,
Aoy(t) A rigid rotation of R about R such that RR
remains constant.
Aot3(t) A rigid rotation of R and R about the angular
momentum vector, H.

Ac(4(t) A change in the variable K- R such that the

~alal

angle between R and R is changed leaving the

magnitude of R and R and also "a" unchanged.
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Aﬂtxs(t) A change &n é, the reciprocal of the semi-major
axis, such that the magnitudes of R and é are
changed, leaving the eccentricity unchanged.

zﬂ<x6(t) A change in the variable 1 - %, changing the
magnitude of R and é and the angle between them

such that "a"™ and R4R are not changed;

These six elements have the characteristic that they determine

the orbit independently of its orientation or shape and do not
break down. Moreover, the matrix of partial derivatives of these
elements contains only one secular term, namely that due to the
semi-major axis, a.

D, The Schmidt-Kalman Technigue

Since the orbit position and velocity are not directly observ-
able, it is necessary to infer these variables from a sequence of
observations which are functions of the trajectory. In the con-
ventional methods, a linear relationship is assumed between the
deviations in the observations and the corresponding deviations in
the orbit variables. Thus, an error in the orbit position will
correspond to some predictable error in the observation., A large
number of observations are made, overdetermining the linear system
of equations. A least square technique is uwsed to obtain the best
value of the orbit errors to fit the known observation errors.

Since the equations of motion are essentially nonlinear, this
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region of linearity becomes more and more constrictive about the
nominal trajectory the longer the time period over which the pre- |
diction is made. Thus, the least square technique often produces
a result, fitting deta over a long time arc, which 1s outside the
linear range. This produces problems in convergence and cohtunes
machine time. Reducing the number of observations to a shorter time
arc helps avoid this difficulty. The weighted least squares is
often used in this manner. However, a large number of observations
is always needed in order to preperly evaluate the effect of the
random instrument errors;

The method of least squares and weighted least squares both

relate the estimate of the initial parameters to an entire sequence

of observational residuals spread over an extended time are. In 1
contrast, the method of minimum variance relates the present estimate J
of the state variable deviation to the present actual deviations in |
the observations. The linesr assumptions required for the updating !
theory are violated to a much less degree in the method for minimum
variance than in the method of weighted least squares.
BEo Cloged F n D v

The requirement for utilizing closed form snalytical deriva-
tives is associated with the need for rapid computing time. If the
program were required to integrate tho.variations in the observa-
tions due to changes in the orbit parameters directly from the

differential equations for these variations, the computing time
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over and above that required for the nominal trajectory would
increase by a factor of six (6). Since these variations are only
required in order to obtain small iterative changes to the orbit
parameters, approximate expressions will be useable, provided the
residual in the obser?ations can be accurately computed. This
situation is analogous to the possible use of an approximate
derivative in Newton's method for obtaining the roots of a poly-
nomial. The program presented in this report uses a set of analy-
tical derivatives based on the two-body problem approximation of
the osculating orbit given in terms of the parameters outlined
earlier. 1In a manner similar to the Encke method, a readjustment

is made in the partial derivatives whenever the orbit is rectified.
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IV. ORBIT PREDICTION PROGRAM
A. Equations of Motion
The equations of motion of a vehicle with negligible mass under
the action of a dominant central force field and perturbed by other

smaller forces is given by:

F?V'-vﬁ-/\7m+/:{ + F2 + F3 +Fq 1)
These equations may be written in the Encke form by replacing the
vector Ryc by the sum of a local two-body orbit position vector,
Rty plus a perturbation displacement,

Rve = Rre +§ 2)

The vector Ryp satisfies the differential equations,

o R?B 3)
Rre = /lt ’%B

The Encke equation of motion for the perturbation displacement, %; ’

is given by:

Rve  _ E}B
er rrg

£= - (B2

)+ Fi + F2 +Fz1F4 4)

These are the equations that will be integrated to obtain a pre-
cision nominal trajectory.

The perturbations that are included in this program are those
due to the gravitational attraction of the sun, spherical moon,

Venus, Mars and Jupiter (Fl); the program also includes the
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perturbations due to the earth's oblateness (F2) and the perturba-
tions due to atmospheric drag (53). The effect of lunar oblateness
is added as (F,). | '
B. C utation of Pert on T

The equations for the gravitational perturbation acceleration

due to the sun, moon, and planets are given by:

.- B _ Rt
£ = Z/ A3 rcczb) »
L=

The perturbation accelerations due to the earth's oblateness are

given bys
- A
= b A + CK 6)
where k is a unit vector in the z-direction and where
JL(_ _é_z) Jg 2 -3
b:Ei":?— / +5(E) +%T—f(3?—7%3>

+/5&(/4(_/+/4‘é1- Z/_Z__")‘Y 7)
r." r-‘Z ,,4

= - 2Jz J _ 2 5 Z*
c #Z[-rf‘*?’%!( 2+lz_'é’.z)
2
- Z0
+ zr;k(f.z +7—§—,)]
in which r is the magnitude'of the vector Ryc.
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The perturbations due to atmospheric drag are given by

Fz -——Z-/- —?g—-(??vc - x R)vc)l?vc-’_ﬂ-’('?"c} »

The vector évc ~-fL x Ryc 18 the velocity of the vehicle relative
to the atmosphere rotating rigidly with the earth. The vector 1
is the earth rotation vector and contains only a component in the
z direction. Its magnitude is given by the earth's siderial rota-
tion rate.

The perturbation due to lunar oblateness, and the effects of
lunar libration and earth's nutation and precession on F2 are given
in Appendix A.

C. Computation of the Encke Term

A special problem arises in the computation of the Encke term
due to the loss of acouracy in subtracting the nearly equal terms
involved. An expression based on the binomial expansion removes
this difficulty. The method supplies results more accurate than

the straightforward computation for terms of the type

K - R
r?: g3
if ,R - uol is small compared to r and is known more accurately

than can be computed by taking the difference between R and R,.

One can write
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r? nB 53 3
— 3
B 15"3 D-(‘EJ + Ani

I
AN
‘?.‘Ju
+
=y
g
Ry
~
“+
A
N

or finally:s

K K Vi é |
- o 2% <
T s T Tt e Z an u” 9)
=l '
where
- £ L AR).
= 5 (R + £4R)- 4R
_ _ _ 3
a‘ --g 9 6(2— g H 43.:7,6- s 10)
aq= _/E%’ 4 af“"zz;e s Ay=— L
024

The six terms are adequate for ,u‘ & 0.1. For larger values of

u straightforward computation is adequate.

D. Solutjion of the Two-Body Problem

The vector position and velocity for a Kepler orbit may be
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written in terms of the initial position and velocity vectors as
given in Reference 4.
R=4fR + gFe
. ) 11)
R= 44 Ko + SHJEZ
Thus, the expressions for f, g, ft and 9y applicable to hyper-
bolic, parabolic, and elliptic trajectories provide the basis for
2 flexible trajectory computation system,
Herrick's variables provide the means for achieving this goal.
The technique, due to Herrick (Ref 17)gis as follows:
Let fnitial conditions X, = (R, ﬁo) be given for some time t,
and suppose it is required to find the value of X = (R, é) on the

same two-body trajectory at some time t = t,+at. The quantities

Q-’-“\)o,, Vo='?°‘ . daz}?o°f‘?°, and -Z‘L-=_g- _/_\L/LQZ are

°
first computed. The next step is to transform the elapsed time,

At, into a more easily handled variable denoted by either ©

or K? « This is done by solving Kepler's equation implicitly for
the new variable., The forms taken by Kepler's equation for elliptic,

hyperbolic, and parabolic trajectories are as follows:
AL 4t = a2 (6-51m8) + VL siné + _c_i_a_&@_cojé)
/7

12)

3
¢ (—-a)/z(s:nhe ~6) + V=& sinh6 +de(_g)(eosho -1)
Vi<

A =
At = i&!?g +-13K3 +.é- Ao 531

IvV-%
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For the elliptic and hyperbolic cases, define

x = B% (%) ,
2 L & (-~

f) =% ~7% t e ‘%(2&35!
N L - 2% 2 -2V I
MR RE SRR ]

‘FJ(”O" | — ot f
f400= | —ot-fa

Kepler's equation assumes for all three types of trajectories the

form 'T//IA‘ZL=,637€ +/2/67[3 - %IEZ_FZ

Once x? , or ©,1is known, functions f, g, f¢, g are computed.

In the elliptic, hyperbolic, and parabolic cases these are defined
by

elliptic

= |- %(n-—cw@)

Iy
9= E‘V;@‘— SINé + a/leo (;-casé) 13)

fe- - Vua sin6
r

9e = | - -%(!'-0059)

where

r= @(1—0059)1‘— e tesé + do V& Siné;
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hyperbolic
- _ = |al -
£= 1 il (cosh & 1)

9=k ;/&’_ sinhé + _l%ds (co.she"’)

ft = —Yulal gnh 6

rro
9¢= 1= lal(eosne -1)

where 1 gl (cpsh@-1) + I cOSh@ + do iaT sinh @ ;  and
parabolic war '

14)

15)

where

r:-é‘Bz‘f"r(.a *%50

The general form, good for all three types of trajectories

te -F:. I—T%-BLFL
=T + do p? 2
53 1&ilﬁ3{} +-;;2:[3 {?
e = —ﬂﬁps
rre
9t = I--,‘: phe
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where . ﬂz_ﬁz_ + Lfq + .__-—-ﬁf
Thus, having f, g, ft’ and gt X i4s obtained from the equations
R:“ ‘['\Po‘f" q Ro
K= “F:l: Ko +9t?o ]

11)

Also, 2 Jig
» r‘=IRl={5‘1Cz+ ofy +2 b
4d - R-R = - AL do
o Yic «v;/z (' B a))p £s +%
. Integration and Rectification Control

The Encke method reduces somewhat the relative advantages of
one integrafion scheme over another insofur as ntmerical accmracy
is concerned. The method is capable of using almost any integration
scheme to obtaln a precise solution. The major advantage to be
gained in the choice of integration schemes lies in the choice of
the maximum integration interval to minimize the total computing
time required. The Encke method computes the solution of the
equations of motion as a sum of the exact function plus the inte-
grated effect of the perturbations. Thus, the solution may be
kept as precise as the exact portion so long as the accumulated
error in the integrated portion is kept from affectihg the least
significant digit of the exact term. By estimating the accumulated
round-off error and the accumulated truncstion error in the inte-

grated portion of the solution, and by rectifying the solution to
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a new osculating Kepler orbit whenever the integrated error threatens
to affect the-least significant digit of the exact solution, the
total solution may be kept as precise as the exact term can be
computed.

"~ The particular program outlined in this report uses a fourth
order Runge-Kutta integration scheme to initialize a sixth order
backward difference second sum Cowell integration formula. A con-
stant step size is used in place of a variable integration interval.
At pre-set points in the trajectory the optimum interval size is
altered, based on previous numerical experience with thos§ intervals.

The rectification feature outlined above, based on round-off
error control, is presently not in the program. At present, recti-
fication is triggered whenéver the integrated portion of the solu-
tion is a fixed ratio of the exacf two-body term. In effect, this

controls the accumulation of round-off error.
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V. THE MODIFIED SCHMIDT-KALMAN METHOD

A. The Statistical Filter

A modification of the Schmidt-Kalman equations in terms of the
new orbit parameters selected for use in the program has been
derived in References 1 and 3 and is available for incorporation
in the orbit determination program.

The deviations of the orbit variables in terms of the new

parameters are given by
A#lt) = 'éb'ff Ax(t) = Je) Qo)

where S(t) is a point transformation matrix.

The parameter transition'matrix JL (t,to) is defined by

Aoc(t) = EZZG%);Acx@%)::_[L(f}fb)zixIZa) 16)
The observation errors in terms of the new parameters are
given by
AFY® =NE 4ot -
where
N = ME) S(t)
The corresponding covariance matrices are given by
E(doc,y do®) = Q)= L1 (¢, t0) B (te) ¥ (¢, ¢0)
P@) = St Q&) s*t)
18)

Y& = Nie) Qlt) N¥e)+ €°
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The inverse relationship between the orbit parameter correc-

tions and the observations errors is given by
Ax(t) = L(t) 4y (t) 19)

The optimum filter L(t) is given by

L) = Q@) N %') 20)

The corrected covariance matrix after each observation is

given by
Q) = Q) — QerINTE) Yo Neo G 21)

Using these equations, it is now possible to use the Schmidt-
Kalman scheme for both short and long term predictions.

At the start of the program, the input matrix, Po, is given
in terms of the state vectors. Since the program computes in

variational parameters, an initial conversion is required, i.e.,

Qg = S Pte) S' (ko) 22)

Since S~! is an analytic quantity, no machine inversion is
needed.

The only other inversion is the Y matrix which never exceeds

dimensions of 4 x 43 this inversion does not constitute a computa-

tional burden,




B. The Point Trensformation Matrix '
The inverse point transformation matrix, s-1 =§%§ s 1Is given

in reference 1 as

_h__% H O
_ 0 —EZ—H
0 Hek
hv 23)
| HxR - & x,0¢ R '-‘b&Aé - 20 o, x, R
5 = ﬂ.z'nf'l r3 4 dznrl ,..VZ 976
2K -2/
r e
v 2r R
Ay 2r
i ~

Each element in this matrix represents a row vector having three

components,

By choosing

1
a

as a parameter, the other five para-

meters will automatically be independent of the energy providing

the inverse of the matrix G%%? exists. This is guaranteed by
' &

defining the transformation matrix S(t) such that

(5')s=1



The point transformation matrix S(t) is given by

Ao = 540

i

Rl ¥R

A4

__Vd 0 XK dlzlz’i Hxk =aR -4,471.& é_o_’:i/d/f/x/?
h h h?r*ylna
9= 25)
H  HxR :
o F HZE 0 LK 45K

Each element in this matrix represents a column vector with three
components. |
C. State Trgnsition Matrix

The method of obtaining the stafe traﬁsition matrix is based
on generalization of an Encke method applied to linear prediction
theory. It is assumed that the equ?tions of motion may be decomposed

into two factors

x=9(Xst) + h()\,f)
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where 9‘27 h

It is further assumed that a closed form solution of the differential

equations is known for the case where h = O,

S = Q(Sat)

Furthermore, the state transition matrix for the approximating solu-

tion is known in closed form

AS({:) = ¢(t, lfo) AS(i‘o) 26)

Let the deviation between the state variable and its approximation

be given by

F%t)z X(ﬁ)“SCt)

The perturbation equations of motion may now be written in the

generalized Encke form

p= 9(x,f)- 9(5975) + h(xs®)

In order to guarantee that the deviation, p, is never permitted to
grow too large, the process of rectification_is introduced. When-
ever a predetermined value of p 1is exceeded, the integration is
tefminated at time t,. A new set of initial conditions are intro-
duced, setting p(tr) equal to zero. Integration proceeds again

about this new nominal approximate solution.



Since the deviation between x and s is never permitted to

exceed the given value, the partial derivatives of the state variables
Thus it is possible

from their nominal value may also be limited.

to write an approximate state transition matrix
27)

ﬁ(t, &) 2 §(t,to)

D. The Parameter Transition Matrix

I1f the exact or the approximate state transition matrix were

available in the program, the parameter transition matrix, which is

aaz('%)) s could be computed from

Oult) - o)  ould)  Dwlts)
odt)  OME) Daltd)  Dsclte)

= S'(¢) BlE,ts) SE@

28)

st 4t S)

ii2

(t,t,) 1s the exact parameter transition matrix

Thus, if (L
and (#/ (t,t,) is the approximate one, then
N (tsts) = S-I(i') &, to) S(to) )
' 29

(,V((fa fo) = S.I(t) ¢ (fotﬂ)

are evaluated along the exact trajectory in computing

where S and S-l
)L , and along the approximating conic when computing
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However, it is desirable to obtain ¢ directly instead of from
the state transition matrixs consequently the latter matrix never
appears in the program. Derivation of the parameter transition

matrix is discussed in Ref. 8, The resulting matrix is given by the
following equation

tv gy 0 0 0 0
-+ L 9e L Z L O 0
-
g J / by g@%#%%(f"ﬁo {3
30)

0 2 0 F  FAxE) - _,_fc

4 O 0 -4a9 38nxa-ty) hf
r Z2r =

The terms ’(3% and [36 ares

o2 0 | Bh - b = (g )] N

Looe = 2 [l 2~ s o, )5 )]

f“
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To obtain the parameter transition matrix over a time interval
greater than one rectification interval, the following equation

applies
Uit = P(LE) Sttty Spote) Y(EnE) .
where the (br) and (ar) subscripts mean "before rectification®
and "after rectification", respectively.
E. Iteration in the Modified Schmidt-Kalman Method
The basic concept of the method provides a recursive technique
for establishing the most up to date estimate of the vehicle's posi-
tion and velocity. After an initial transient condition has
settled out (as data are accrued) the estimate is essentially
independent of the initial state vector (X;*v-éo) and covariance
matrix (Qo) employed. In cases where a post flight analysis of
the best estimate of the trajectory from start to finish is needed,
the initial transitory conditions need resolution. This is done
by an iterative technique to be described herein.

A time limit, is introduced. In the first pass through

tlmax’
the data from t, to t, .., the initial covariance matrix Qo is trans-
formed to Q, .. and the initial state vector‘;; is transformed to
;;max° The Q matrix at tg,, is translated back to its equivalent
at t,. Data are not processed in this backward translation. The

equation

o= ¢ (e ytrax) Qemax ¥ty trrrax) 33)




serves as the necessary translation.

At the same time, the state vector”‘tmax 1s translated back to
-i;o by backward integration from tnax to t, using-;.tmax as the
starting condition.

The data are then reprocessed, using this state vector, and
either the new Q, matrix or the original Q, matrix to derive s
better estimate of the trajectory., This iterative loop can be
repeated as many times as the user desires. After the preselected
number of iterations, an option is available to set tyjpax ahead to
t2max' thereafter repeating the whole procedure to get a more
refined orbit from additional data.

F. Matrix Flow in_the Modjfied Schmidt-Kalman Method

The matrix flow in this program has a number of variations
depending upon whether rectifications with or without data are
involved. A step by step description of the flow from to to t. .,
is given here, assuming that rectifications with and without data
are encountered in the process. The procedure is also followed
from tynax back to to.

The input covariance matrix is P, and the outputs are also P
matrices. Since the internal computations are all in terms of the

Q matrix, conversions are used in input/output.

Step 11 Convert P, to Q,

G, = Stt) B S (L) 34)



Step 2: Integrate and find that an Encke rectification is required

at tr
comsue Glery )
Compute 5Zr(%r> - subscript br is “"before rectification"
Rectify

Compute 5&r(fr> - subscript ar is "after rectification”
Let A (tr,t0) = Sar (tr) Sor () #(tr, o) 35)

Step 3: Integrate from t, to data point ty

Compute (///fd! ér) -
conoute Y(Ed, L) = Vltdytr) /L (¢ryto) 36)

Step 4: Translate Q, to Q(ty)

) = Yltd t) @ P+t ,4) 37)
Step 5: Translate Q across a data point

D) = P - QeINHDINE) Q)N+ €3 MDD Gk 5

+
Step 6: For print-out purposes, compute P (ty)

Pl]) = Ser(td) @EY) S £ (v 39)

~
.

Step Integrate to subsequent point, either data, non-data

rectification, or t .,

Rectify after data are assimilated in Step 5
Set 4/ matrix to I




Integrate to next point (called t' here to indicate any
one of the three conditions)

Compute  ((t' ¢,)

Compute S (¢

Rectify at t'

Compute Szr(ﬂ)

Lot _A(¢/4y) = Sarlt) Ser(t) ¢ (&) ¢d) 40)

Step 8: Translate Q(tgq) to t°
At) = N (¢t ta) Glta) A* (f,’fd) 41)

Step 93 Translate Q(tpay) back to t,, assuming that an Encke
rectification occurs
Backward integrate until rectification is indicated
Compute C//(f,—, fmﬂx)

Compute S, (¢r)
Rectify
—I

Compute Spr(tr)

. -/ . .
Let /L (i'l”, éMﬂX) = Sar(i""> ‘Dbr( r) 4/) (f:r) ‘L’m&«X)
Continue integrating to t,
Compute (/](fo/ -ér)

Compute S, (4,)
Rectify

Compute éar&fr‘)
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Lot Nl to) = Salt) Ser(to) ¢ (to,tr) 43)
W (b, trmax)= b, ) A (br, trrax)
Mfa) = (//( fo/ fm” ’() @ [ﬁ MdX) mo , 'fmﬁ)()

44)
a)

Step 10: For print-out purposes, compute P(t,)

P (tb) = S‘br(f'o) 2, ('60) Sﬁr(fo) 46)

G. Computation of Observables
1. Observation Types and Definitions

The program will accept the following types of observa-

tional data, singly or in combination.

1. Azimuth 9. X angle
2. Elevation 10. Y angle
»
3. Range 11. A t (round trip range equivalent)
4., Range Rate 12? A t'(one way range rate
equivalent)

5. Hour Angle

13. open
6. Declination

14, open
7. 1 direction cosine

1%, ‘oan
8. m direction cosine

16. open
Definition of measurements are: -
Azimuth, A, is pictured in Figure I, in which vehicle position,
station position and station orientation are shown at the nominal

observation time. The observation time is defined to be the time

*Not operational at this writing.
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FIGURE I: AZIMUTH AND ELEVATION
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the radar signal leaves the vehicle. Calculated azimuth is measured
from north in the true horizontal plane positive eastward from O
to 277 (geodetic azimuth).

Elevation, E, is also defined in Figure I. The observation
time, as for Azimuth, is defined to be the time the signallleaves
the vehicle. Calculated elevation is measured from the horizontal
plane, positive upward, within the range = 7772 (geodetic elevation).

/
/’. Round-Trip Range, is twice the straight line distance

from station to vehicle at the nominal time of observation, to. The

units calculated are ER.

Range Rate.!o , is the time derivative of the magnitude of

the vector from station to vehicle at the nominal instant of obser-
vation. The calculated range rate is in units of ER/HR.

Hour Angle, HA, is the angle between the station meridian and

the projection on the true equator of the station-to-vehicle vector
measured in the earth's true equatorial plane. The convention for
the calculation of HA is that it is measured from station meridian
positive westward from 0 to 277 . Figure II shows the angles HA
and DEC.

Declination, DEC, is the angle made with the true equatorial
plane by the station-to-vehicle vector. Declination is measured
positive in the northern hemisphere, with limits *‘Tr/g,

‘ -Direction Cosine, is the cosine of the angle between the

station-to-vehicle vector and the topocentric system east-vector,




VEHICLE

STATION MERIDIAN

s ot v v—— ao—

i -
/f;mrmm PLAME

FIGURE II: HOUR ANGLE AND DECLINATION
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at the nominal observation time. The topocentric system east vector
is taken to lie in the local horizontal plane, normal to the local
meridian, positive eastward (in the southern as well as the northern
hemisphere). It has limits of 21.0 in the computation, with no
dimensions. Figure III shows 1 and m.

m-Direction Cosine, is the cosine of the angle between the sta-
tion~-to-vehicle vector and the topocentric system north vector, at
the nominal observation time. The north vector is taken to lie in
the local horizontal plane and in the meridian plane, positive in
the north direction (in the southern as well as the northern hemi-
sphere). It has limits of #1.0, with no dimensions.

Antenna Pointing Angle, Y, shown in Figure IV, is the angle

between the station-to-vehicle vector and the perpendicular pro-
jection of this vector on the plane formed by theG@éfaQand vertical
vectors.

Antenna Pointing Angle, X, shown in Figure IV, is the angle

between the vertical vector and the perpendicular projection of the
station-to-vehicle vector on the plane formed by the(@%+0€)and
vertical vectors.
2. Observation Limits and Units
The 1imits and units given in the above definitions apply
only to the calculated observations while internal to the machine.
When printed out the units and dimensions are as shown in Table I.

This table also gives the limits and units currently assumed for

V=16
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OBSERVATION
- TYPE

Azimuth
Elevation
Round Trip
Range

Range Rate

Hour Angle

Declination ‘

1 cosine
m cosine

Antenna x

Antenna y

Notes: KM:
ER:
HR s

SEC:

*KM/SEC is obtained by specifying KLM
KLM - O must be specified, giving ER and ER/HR at the output,

TABLE 1

LIMITS AND UNITS FOR OBSERVATIONS

Calqg}ated Da;a
R ] 2 Y
Internal Print-Out Input Internal Print-Out
0, 27 rad 0°, 360° 0°,360° 0,27 rad 0°,360°
0,2 7/ rad 0°, 90° 0%, 90° 0,+ #'rad 0°, 90°
2 2
ER ER or KM* SEC ER ER and KM
ER/HR ° ER/HR or SEC ER/HR ER/HR or
KM /SEC#* KM/SEC
0, 2% rad 0°, 360° 0°,360° 0,2% rad 0°,360°
0,46 7 rad 0%, 360°  0°,360° 0,. Zrad 0°,360°
2 2
1.0 1,0 +1.0 21,0 1,0
1.0 +}.0 +1,0 1.0 1.0
0,+7rad 0°, £180° 0°, 490° 0,: Z'rad 0°, 290°
2
0,¢ #'rad 09 490°  0°, 290° 0,s #rad 0°, 490°
2 2
kilometers
earth radii
hours
seconds
= 1 in INPUT, Otherwise
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real data observations. The observation data are converted to the
internal units by the INPUT subroutine

3. Nutation, Precession and Time Correction

In order to generate the corrections in the Kalman Filter,

it 3s necessary to compute the difference between the measured data
and a computed estimate of the measured quantity based on previous
information. Since these data types are referenced to earth-based
systems and the vehicle's position is referenced to inertial space,
nutation and precession corrections are required to compute the true
inertial position of the ground station.

The time assigned to each type of data is, by definition, the
time at which the data signal is transmitted from the satellite.
By contrast, the time recorded on the data messages is the time at
which the data signal is received at the earth's surface. Conse-
quently, in order to compute residuals, it is necessary to obtain
the assigned time from the recorded time. This calculation is dif-
ferent for different data types.

For true range measurement, such as obtained from conventional
pulsed radar, the time correction is obtained from At‘Pﬁ'
where F’ {s the one-way range and ¢ is the velocity of light. The
same correction may be used with NASA's range and range-rate system
provided the range ambiguities are resolved before making the time

correction,
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Ground station location in inertial space is specified by
the time the signal is received at the station. For the highly
accurate MINITRACK data, the,l and m direction cosine residuals
are computed using corrected assigned time for satellite position
and recorded time for station location. For less accurate angular
measurements, such as h, d, X, Y, ground station location is com-
puted at the assigned time. 1In systems measuring round-trip range
and range-rate, the average station position from transmission to
reception corresponds to the position at the assigned time, and this
average inertial location is used in computing the residueals,

4. Formulas for Calculation of Observations

Taking into account precession and nutation, the observ-
ables are computed with the following equations. Definition of
applicable matrices are given in Section VI-3 and in Appendix A,
Correction for the effect of refraction must be added to the quantity
listed here to get the best estimate of the observable. The cor-
rections are discussed in Appendix C.

The station location vector in the coordinate system with-

out nutation and precession is

' . -
o o A pm
Rse = [ﬂ [G]s 0 - o + A 47)
he+ ¢ E'C SN Pg| | 4w
‘ )



The station location vector, including precession and nutation, is

7w = [A] IN] Ree

(1)

7

=%y - Rea

4454, A'Vj 4 w-

/=

.

- g

P- ]
2= [f

gB =[A]N[ﬂ[(JJ5 ),2

ne [AIN A (6] s ¥

l/:m = [ INI[A 6], 2

Azimut

A

h

= /Janrn

station in Xg Yz Z8

station to vehicle
position vector

geodetic net correction
station to vehicle distance

east vector, in station
coordinates

north vector, in station
coordinates

up vector, in station
coordinates

east vector, in base date
system

north vector, in base date
system

up vector, in base date
system

O £ 4 £L27
the quadrant of A is

obtained from the signs of
numerator and denominator

48)

49)

50)

51)

52)

53)

54)

55)

56)

57)



(2) Elevation, E

~ 4 - R <E< 58)
-/ /go 2 é Z
E=Tan A A2 s oA 2 the quadrant of E is obtained
[(A}.cg) -f{ﬁ?-h,g) from the signs of numerator and
denominator

(3) Round Trip Range, ﬂ’

Pz 2P 59)
(4) Range Rate, P
;Eé = L4]£N0[PWJ Kse velocity of station in base60)

date system

s 7 _7 velocity of vehicle rela- 61)
Ve = Vg - VsB tive to station in base
date system

p',_‘;l; -?’;/P , range rate 62)

(%) Hour Angle, h

A= Tan PB -? rv~!7t'lgh1: Ascension of station- 63)
== to-vehicle vector
- X

Y O<¢RAS2LM, quadrant obtained
~ from signs of numerator and
kdenominator

Hour Angle of station-to- 64)
h=¥+ (/\G)S - KA vehicle vector

0= h< 21T

(6) Declination, d

. - 5‘02‘ 65)
- T | 3 Zs — |
A= T T f) (B REd <
B
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(7) Minitrack, {

Z PII . é\” 7?)= P/C
1 B - - e
pu R,I'-'— Ff,- VSBq/P 66)
5 o = 5 + [Ne] 247p
Nyl A )
”a = Ng *‘[WC‘]A;;%
(8) Minitrack, m = ,g?v
;A c = spegd of propagation
()’ ’ f)B 67)
'P?”
(9) Range Antenna, X l
-] ./\’I/
X:T;DN pg ‘€3 -7 < X <7 68)
e
~pB hg quadrant obtained from signs
of numerator and denominator
/\ /1 ~
' A
S LA 1AL 6D
[o(] [ cosx Sinx 0O
(10) Range Antenna, Y MS’SO‘ 0005“' @
- = Auw
Y= Tan| 12 fg e — -
-- A - &£ £ 1T
l( /// 1*( hB)J 7 < Y & iz 69)
(11) A t (round trip range equivalent)
Vi L‘ = rﬂ/c 70)
(12) A t' (one way range rate equivalent)
p 9 where ri is the range evaluated
4t '= f% =/

at the end of the measurements
C ~

is the range evaluated at the
start of the measurement




5. Formulae for Calculation of Partial Derivatives
In addition to determining the residuals, partial deriva-
tives relating the variation of the observables to the variation of
the orbit parameters are required.
The most convenlient way for computing these partials is
to compute them with respect to the st?te variables, x-r'i, then
convert them to the variational parameters by the S matrix.

partial of observations with reeépect to the state

M =
variables
N = MS = partial of observations with respect to varia-

tional parameters 72)
The S matrix has been considered in a preceding section.
The M matrices are as follows: the first three elements
of each row have the dimension of the observation x (ER)-I, the last
three have the dimension of the observation x (HR/ER).

1., Azimuth
_ / A . A A) -
Adh']”casff (GB(LEba — Ng SIN y o, 73)
2. Elevation
LToa i E A — b SNEcc’s/H?» 6055)5]
M = 7z L{-eBSINc SIN hg S BLOL, U r4)

3. Round Trip Range

Mp'"-:Z___:Z;__ D | 75)
e’ |
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4, One Way Range Rate
- .'F_[(_VT? ~_§. p3>) PB] 76)
5. Hour Angle, h
iy \ = SIN PA} _5]
M= Frosd [FID { cos®af 2

6. Declination, d

 ___ (-cosRA sind —
Md = % |10 =5 i’la} , 5] r8)

cos d

Te /K Direction Cosine

4// — 79)
Me = 20 [( ), 0]

8. m Direction Cosine

. -
M [“ 5y Z 80)
" P% ( ” ?%? )/ o
9. X Angle
R A 7 "j 81)
Mx Ocos Y [eg cosX - hg 51"))(), 0

10, Y angle

MY - _é_[ 8;1 Cos Y - @g SIN Y sinX— hp SINYC'OS)S))OB” .

11. 4 ¢

M matrices not presently included
12, A ¢

V=26




VI. ADDITIONAL PROGRAM FEATURES

A. Initial Condition Transformations

l. Introduction

Transformation of vehicle initial conditions and earth
and lunar oblateness attractions to the "base date" coordinate
system are included in MINIVAR. The "base date” system is deter-

h
mined by the direction of the vernal equinox of 0.0 January O of

the year subsequent to the launch year. It has been chosen as the
basis for calculation because the planetary and solar coordinates
are written on tapes in that coordinate system. Rather than trans-
form the taspe information,the vehicle initial conditions and the
oblateness accelerations are transformed into the base date system.
A. Vehicle initial conditions that are inserted in an
earth referenced system, such as latitude, longitude,
altitude, are transformed first to a system determined
by the true vernal equinox of date. This system differs
from the base date system by the earth's nutation and
precession. Transformation by the nutation matrix [@]
and the precession matrix [hj thereupon brings the
initial conditions into the base date system.
B. The oblateness attraction of the earth is calculated
from a knbwlodge of‘Ei the position.of,the vehicle from
the. center of the earth, expressed in the true earth system.

Since vehicle position as calculated in the trajectory
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portion is in base date components these components must

be transformed via precession and nutation into the true
earth system. The resultant attraction is then transformed
back into the base date system.

The oblateness attraction of the moon is calculated
from the vehicle position with respect to the moon's cen-
ter and the lunar oblateness matrixs; the latter takes
account of spherical harmonics of potential of degree
- 3, based on the three lunar moments of inertia.

2. Definition of Coordinate Systems
The precession, nutation, libration and other transforma-
tions that follow all represent rigid rotation of right-handed
cartesian coordinate systemsj hence the matrices are real, ortho-
gonal and have determinants 1. The coordinate systems involved are
defined in this section, the transformations are defined in the
following section.

Unit vectors are characterized by a circumflex accent

A
AAA AB along mean vernal equinox of base date
Xg Yo Z8 (intersection of ecliptic of base date and

mean equatorial plane of base date) s

Zg normal to mean equatorial plane of base
date, positive in northern hemispheres

Yo such that xg Yg Z2g form a right handed

system

A A A A

Xq Ya Zq Xq along mean vernal equinox of date (inter-
section of mean equator of date and ecliptic
of, date)

2@ normal to mean equator of date, positive
ia northern hem%sphere% A A A
normal to Xg and Z, so that XgYgq Zq
form a right handed system.
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A A
Xy Yor 2n

N N N
X6 Yo Za

Ae @: r?e'_

A

Xe along true vernal equinox of date (inter-
section of true equatorial plane and ecliptic
of date);

Zg normal to true equator, positive toward
ngrthern hemispkere; , oa A

Y2 normal to Xg 35 and such that xg vz 2z
form a right handed system.

A
Xm along the principal axis of moon, positive
on the earth side; Zm along the principal axis
of moon, positive in the direction of the rota-
tjon of the moon about its axis.

@g along the ptincipal axis of moon, to form
right handed system.

A

Xg in trqg equator of earth and in Greenwich
Meridian; 25 norma) to true equator, positive
toward north pole; Ys to form right handed system.

Geocentric rt. ascension (apparent siderial time);
geocentric angle, or declination of line from

earth center to vehicle; geocentric distance from
vehicle. See Figure V.

FIGURE V
GEOCENTRIC
COORD INATES

A
Xe true vernal equinox

A

Y in true equatorial plane
§ Greenwich hour angle of

B

I?g‘f?vc for earth as dominant
body

A
Xg = GREENWICH MECIDIFN
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normal to vehicle's local meridian, posi-
tiye esstward;

Re along geocentric radius vector to vehicles
. normal to A; and Ry and such that A & Rg
form a right handed system. See Figure V.

A
local geodetic system3; A6 normal to meridian,
towards east,(Ag= Az )3 hgnorma) to ellipsoi

through position of vehicles normal to Jg
and ’R& such that Ag $¢i ’R(, is right handed.
See Figure VI,

s
™
N
gp >
>N
m

>

>
o
E o)
ho Y
o

A ¢ he Geodetic longitude, positive easterly from

6 ¥6 NG Greenwich meridian through 360 degrees; geo-
detic latitude (angle between equatorial plane
and normal to ellipsoid through vehicle posi-
tion); altitude above ellipsoid. See Figure VI.

FIGURE VI
LOCAL GEODETIC
COORD INATES

Ases
>,
S
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A A A A A

AM d)M Km AM normal to local moon meridian; kag along A
outward radial frqn center of moon to vehicle;¢m
normal to Py and Amq . See Figure VII,

-~ A
S selenocentric longitude, measured in the Xm Yj;
/\M dM PM plane in the sense of positive rotation
about 2z $ selenocentric declination; seleno-
centric distance. See Figure VII.

5, G, Rm
FIGURE VII
3\ SELENOCENTRIC
M COORD INATES
%0
I
A
YM — o
Rm = Rve
A~1 for moon as dominant
body
A
Xm
Vv Ag &7 vehicle speed relative to Xg Y4 Zo

frames azimuth, flight path angle relative to
5)\, 2 system. See Figure VIII,
G ¥4 ;14
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A positive CW from porth
positive up from z Ag plane
|/ always positive, being [Vl

FIGURE VIII

AZIMUTH AND

FLIGHT PATH
ANGLES

A A A
V 4 & venhicle speed relative to X4 Yo Z4 framey,
azimuth, flight path angle relative to Ag &P Az
system. See Figure VIII,
3. List of Transformations
The coordinate system under From and Jo are defined in the

previous section of this report. The matrices used are given in

Appendix A.
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SYMBOL NAME ACRONYM FROM 10

AA A A A A
[a] Precession PREC Xo Ya Z4 Xg Ys Zg
A A A A A A
IN] Nutation NUTA Xe Ye Ze Xa Yq 24
L A
L] Libration | LIBRA X B 2 Xe ?.z Ze
D’] Gamma Matrix GAMMAT )?G ?c,’ é‘a )?E ?E 25
A A A A
[c] . Geodetic to Green- GENMAT A
wich Transformation Aé 34 /76’ X4 %7 Zé’
E A "N A Aa A A
D, RA| Declination, Right GENMAT Ae @ R Xe % 2e

7Ascension

Since all the above transformations are orthogonal, the
inverse of any is simply its transpose.

4. Transformation of Initial Conditions

The transformation subroutine calls upon other subroutines
to convert vehicle initial position and velocity into the base date
system of trajectory calculation. Initial conditions consist of
three position coordinates and three velocity components. The
velocity need not be specified in the same type of coordinates as
position.

Table II 1ists the available options and a brief descrip-
tion of the coordinate system. In the right hahd column, the
blocks defined in Table A-1 of Appendix A which are required for
the particular transformation are listed.

Complete detajls of these transformations are given in

Appendix A.
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5. The Effects of LA, IN] and [L] on Oblateness
a, Earth Oblateness
The subroutine OBLATE transforms the vehicle posi-
tion vector relative to the earth's center into the true
earth system ;(E ’)}L-:lég . The oblateness attraction given in
equations 6 and 7 is then calculated using the transformed
-
value of E%U . The resultant attraction vector is then
expressed in the base date system. The formulas employed
are given in Appendix A.
b. Lunar Oblateness
Circumlunar trajectories are strongly influenced in
the neighborhood of the moon by the lunar oblateness mass.
Acceleration terms corresponding to lunar oblateness attrac-
tion were added as.;: to equation (1). The method of com-
puting ;; is given in Appendix A,
B. Propagation Corrections
1. Introduction
The bending and retardation of radio waves passing through
the troposphere and ionosphere limit the inherent precision of mddern
electronic tracking systems. Some form of refraction correction is
therefore necessary to achieve the maximum accuracy of the tracking
systems.

Correction of the troposphere error can be approached from

two points of view. The first, the analytical method, involves
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Option

2.

3.

4,

S.

6.

7.

10.

TABLE 11

Load

Position in Inertial Cartesian Coordinates
Pelocity in Cartesian Coordinates referenced
to earth's center.

Position as in 1
Velocity as In case one except referenced to
coordinate frame rotating at earth's rate

Position geodetic longitude, latitude and
height above sea level.

Inertial velocity components along east,
north and up coordinates as defined at sub-
satellite point.

Same as option 3, except velocity is along east,
north and up coordinates as defined at the sub-
satellite point, referenced to coordinate frame
rotating at earth's rate

Position as in 3
Speed is magnitiude of inertial velocity vector
Direction given by flight path angle and azimuth

Same as optiond except speéd is magnitude of
velocity vector referenced to coordinate frame
rotating with the earth

Position given by geocentric. RA,

Decl., distance from earth's center.

Inertial velocity along unit vectors defining
RA, Decl, and distance

Same as option 7, except velocity is refer-
enced to coordinate framerotating at earth's
velocity

Position given by geocentric RA, Decl., distance
from earth's center. Velocity by flt. pth. angle,
az. anglg magnitude of inertial velocity vector

Same as option 9 except speed is magnitude of
velocity vector referenced to coordinate frame
rotating with the earth

* Appendix A
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assuming a simple exponential decay of the index of refraction with
altitude. The resulting tropospheric errors for range and eleva-
tion are solvable in closed form as a function of the elevation
angle.

The second method is numerical in form. For this method,
it {s not necessary to assume an exponentiaslly decaying troposphere;
any model will suffice. The error is determined by numerically inte-
grating over the total propagation path with the index of refrac-
tion at each integration point being determined by the assumed model.

Because of the complex nature of the ionosphere, it is
very difficult to find a simple model upon which analytic solutions
to the ionospheric errors can be based. Therefore, a numerical
approach seems to be more likely for an ionospheric analysis.

In order to be consistent and to achieve higher precision,
the numerical sapproach is used in the program for evaluating both the
jonsopheric and tropospheric contributions to the error.

The method that 1s used is one derived by S.Weisbrod as
detailed in Reference 10, The method is particularly simple and
can be applied to both tropospheric and ionospheric bending. There
are no limitations on the shape of the profile or angle of eleva-
tion. The only assumptions are that the index of refraction
gradient is only in the vertical plane, that the index of refraction
profile can be approximated by a number of linear segments, and that

the thickness of these steps is small compared to earth's radius.
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These assumptions are readily justifiable in all practical cases.

In addition to refractive bending, the pfoblem of signal retardation,

resulting in a range error, is considered. Also the effect of ray

bending on the range rate error is included.

2.

Index of Refraction Models Used
a. General

Since it is impossible to describe atmospheric propa-
gational effects under all parametric conditions, atmospheric

models representative of average conditions are employed to

'simplify the computation problem.

In the above models the following assumptions are
mades 1) the troposphere extends to approximately 40 km
with refractivity decreasing with height; 2) the region
between the top of the troposphere and the bottom of the
fonosphere is assumed to have zero refractivity; 3) the iono-
sphere 1ies between H, and 2000 km; 4) beyond 2000 km. the
refractivity is zero.

The formulae used to compute range and elevation
errors are, with few exceptions, the same for both the .
troposphere and ionosphere. The refractivity, however, is
computed differently.

This approach will result in answers which are as
accurate as the model assumed. Since profiles of refractive
index in the atmosphere (especially for the ionosphere) are
not precisely known under all conditions a more exact solu-

tios seems unwarranted,
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b. Tropospheric Model
In this program, the tropeepheric model is assumed to
be an exponential with the ground index of refraction and
the scale height as parameters.
The equation for the refractivity is
Nz No e’h/H 83)

where No = 313

average refractivity at sea level

H = TKM average scale height
N= {r)—l) ,(/ﬂé , where n is the index of refraction,

¢. JIonospheric Model

In the ionosphere, the index of refraction is depen-
dent-on more parameters than those considered in the tropo-
sphere. As @ minimum, the index of refraction in the iono-
sphere is dependent upon the height of the base of the
jonosphere layer, the height of themaximum electronic density
of the F2 layer, and the maximum electronic density of the
F2 layer. In addition, the index of refraction in the
fonosphere is also dependent upon diurnal, solar activity,
seasonal, geographical, and dajily variations as well as other
miscellaneous sporadic variations. Also, unlike the tropo-
sphere, the refraction errors in the ionosphere are fre-
quency dependent.

The relationship between the index of refraction, the
radio frequency and the electron density in the ionosphere

is the following:
Z
N =/= AéLfé— : 84)
Eo I WE
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where

electrons per cubic meter

electronic charge (1.60 x 10'19 coulomb)

electronic mass (9.08 x 103! kilogram)

g I 0 X

= 2 T times the frequency

N

Z permittivity of free space (8.854 x 102 farad/meter)
Using the first two terms of the binomial expansion
and substituting the above constants, the formula for index

of refraction reduces to

n= 1/ —_443 Ne 8s)
,“2
This formula holds for frequencies above the critical fre-

quency, f., given by the following relationship

fe= 897 M?I/s’x /5.6 mc/; | 86)

Defining the refractivity by the following relation

N= (n-1) x 0 87)

equation {85} can be written as follows:
N= ~-403 -—1-;/6 /02 88)

The model used for the electron density versus
height profile in the ionosphere consists of a parabolic
variation below the height of maximum electron density

matched to a hyperbolic secant profile above the maximum.
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The relationships are as follows:

- Bl - (/-7)*] 04 a4l

Ne 89)
= B sech T (a0 =i
p”
where NC = electrons per cubic meter
FL = maximum density
g = h — He
Hm - Ho 90)

/ = height above the ground

/o = height of the base of the layer
Hrmn = height of the maximum electron density
This model has the following preferred characteristicst
1. The model has three degrees of freedom
which can beobtained from ionogram data. These parameters
uniquely specify the entire distribution.
2. The distribution is parabolic below and immediately above
the maximum density, and exponential at gfeat heights.
3. The electron content of the distribution above the maximum
is three times that below it.
4. The entire electron density profile and its derivatives
are continuous everywhere.
Using this model, the refractive effects of the D
and E layers are not singled out because they are quite

small in comparison with the effects of the F layer.
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d. ComputationsEmployed

A complete discussion of the computation technique

employed is given in Appendix C.

C. Data Selection, Ambiguity Resolution and Time Correction

1.

program,

The Problem

Prior to the introduction of data into the main MINIVAR

the available raw data Have been passed through edit and

merge programs to time order all data from all sources onto one

input tape of standard format. (Appendix H describes the data

editing

and merging programs required prior to the insertion of

data into the MINIVAR program.)}

There still remain two problems in the data which need

resolution prior to use in MINIVAR. They are:

2.

manners

a. The time(which is assigned as the time of an observa-
tion) must take into account the finite propagation time from
transmission to reception at each end of the link.

b. Some measuring systems produce data whichate ambiguous

{2
N i

o+

.8., the recorded value differs from the real value by
some uncertain multiple of a fixed quantity.) The ambiguity
is not readily resolvable by the measuring devices it re-
quires some a priorl data.

Method of Handling Problem (See Figure IX)

The program handles these two problems in the following
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1

READ DATA TAPE

b

EXERCISE DATA REJECTION OPTIONS

‘'

READ IN 20 DATA TIMES OR 5 SECONDS
OF DATA, WHICHEVER IS FIRST

I

USE 2-BODY THEORY TO COMPUTE X,Y,Z
AT FIRST TIME, t,

Y s
COMPUTE P FOR EACH STATION

'

CORRECT RANGE AMBIGUITIES AND SUB-
TRACT /o FROM RECORDING TIME

e

:

SEND EARLIEST TIME TO MINIVAR

I

NEXT DATA
NO | TIME WITHIN 5 SECONDS

OF tg ¢
4 YES

BRING IN NEXT DATA TIME BY READING
DATA TAPE, EXERCISING OPTIONS

!

USE X,Y,Z, FROM MINIVAR AFTER LAST

POINT WAS PROCESSED

FIGURE IX: DATA SELECTION AND CORRECTION
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1. The raw data, already roughly time ordered at the pro-
gram's input, are read in until either 20 data times or all
the data in the first five seconds are read in. Each data
time can be made up of to 4 data types from any one station.
2. As each time is read in, the data whichare marked as
having poor quality are rejected. |
3. Options are also available fors
(a) rejecting data of any type from any station
(b) rejecting all data from any station or stations
(¢) rejecting any particular data point which is
not an integral multiple of an input value. This
allows selecting ln, 2n, 3n, 4n, ... data of any
time from any station.
4, The earliest data time in the block is selected, and
two body theory computes the vehicle's position at that
time, from which the distance f’ (station to vehicle one-
way distance) is computed for each station which had date
in the block.
5. Those data requiring it have their ambiguities resolved.
Gee Appendix D for ambiguity resolution in the R/é system.)
6. The factorlpyb (c being the velocity of light) is sub-
tracted from the time recorded for each measurement time,
translating back to the time the message was sent from the

vehicle.
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7. The data are now time-ordered on the basis of their new
modified time.

8. The first data point (in time) is sent to the main pro-
gram, and the Minimum Variance process is used to integrate
it into the program.

9., All date times in the block which are identical, within
0.1 millisecond, are processed.

10. A new value of F’ for each station which has data in
the block is computed using the new value x--% obtained
after processing the first data time.

11. With the first data time being used, more data are
brought in from the raw data remaining which falls within
5 seconds of the first time (step 4).

Thus, the time correction and ambiguity resolution is
continually repeated, the precision increasing as the precision of
the orbit improves. |

3. Reason for Choice of Date Times And Time Spread

The choice of a maximum of 20 data times in each block
stems from the followings

A satellite far removed from the earth could possibly
have 28 many as 10 Minitrack and 2 R/ﬁ systems taking simultaneous
data. Because each station is at a different location, the range
is different for each; therefore, the time correction is different

for each. Because of the different values of f) , if say only one
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data time were brought in at one time, the time correction could
possibly put the time of a later point ahead of the point already
processed, where is an illegal step in MINIVAR. Therefore, by
bringing in 20 points, there remains little possibility of a point
being brought in which, after éorrection, falls ahead of a fime
already processed. »

The choice of a 5 second interval on data stems from the
following arguments

Suppose a data point falls once every five seconds. The
maximum distance the range F’ might change in the interval would be
something like 30,000 ft/sec x 5 seconds = 150,000 feet, or 45.4 KM,

For purposes of time correction, then, the value of 0
could be in error by 45,4 KM, which, when divided by the velocity
of light (3 «x 10° KM/sec) corresponds to a timing error = 5.1 x 10°
seconds or 0.15 milliseconds, an error well within the accuracy of
the station timing system and WWV,
D. The € Matrix

1. Computed é;i

The optimum filter of the Kalman Technique, given by
equation 21, contains as an element the a priori estimate of the
covariance matrix of the observation, denoted by 22 « In the
absence of bias errors, assuming actually random distribution of
the observation error, and assuming that the only error source would

be in the instrument itself, the value used for 21 would be that

of the observation instrument.
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In this program, the maximum number of observations that
can be handled from any one station is four; thug the maximum dimen-
sion of the matrix is 4 x 4. The diagonal elements are the variances
of the respective observation types, the off-diagonal elements are
the covariances. The matrix can be presented in this form, or

alternately it can take the form

_9_4' 2 7 I 0y

where

07 -4 = Vyseiane€ -4

- ance) m
B = Boprr = corarmn )
Tm Tn

%%1n y the correlation coefficient, has a value range from -1 to +1.

In the Kalman-Schmidt Filtér, if the €>'s are 0, the
results will be identical whether the n <& 4‘data types per sta-
tion are processed as a group or singly. With non-zero () 's the
data would be proceésed as a group.

2. E?i as a Kalman Filter Inhibitor

When the initial conditions ascribed to the vehicle are

in error by a considerable amount, the initial residuals are large

and, consequently, large changes to the orbit occur. Under certain
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unusual situations (such as large gaps in data), these large changes
can lead to even laréer residuals, which eventually can lead to
divergence of the solution,

The program utilizes a constant multiplier times the input
value of ZEE y to effectively reduce the weight given to the data.
In this way, the orbit is caused to converge to the true orbit
without over correcting.

This multiplier (which is an input quantity) is used on
the first iteration through the data, and is reduced to unity for
subsequent iterations. This can be done since the first iterative
processing of the data should cause the initial conditions used for

subsequent iteratiens to be much better than the original estimate.
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VII. PROGRAM DESCRIPTION

A. General Description of Program Usage
In the "determination mode” the MINIVAR program is used for

obtaining an estimate of the position and velocity of a satellite
based on accrued tracking data. In order to make this possible, a
precise satellite ephemeris computation technique (usi~g Encke's
method) is employed along with the matrix manipulations required

by the Minimum Variance method. These have been described in some
detail in Sections III and I¥. 1In addition, the available tracking
data must be corrected for propagation anomalies and errors in
ground station location., Also, certain ambiguities in the tracking
data must be resolved.

The equations of motion are given with respect to the earth
as the reference body. The perturbing influence of the first three
zonal harmonics of the earth, air drag, the oblate moon, and the
planets Venus, Mars and Jupiter are included. The positions of
the astronomical bodies are provided by an ephemeris tape based on
Naval Observatory data. The effect of nutation, precession and
libration on the gravitational attraction of the earth and moon are
computed.

All computations within the program are in units of earth radii
and hours; inputs and outputs are in various units as described in
a later section.,

The program is designed to handle data from a variety of tracking

systems (described in the appendices), and provisions are included
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for expansion of the program to include new observation types. The
data must be time ordered to be consistent with the formulation of
the Kalman technique. Thus, the raw tracking data from each tracking
systém must be edited, time ordered, and merged with data from other
stations prior to its insertion into this program. A standard format
is employed in this program; any editing programs must have their
output formats consistent with the data 1n§ut to this program,

A number of options are available for excluding portions of the
program which tend to increase program precision but which are not
obsolutely necessary to its operation. These options include pro-
pagation correction, precession, nutation, ana libration transforma-
tions, and perturbing bodies.

Another important option is the ability to generate data
corresponding to any selected orbit. The computed observables,
without noise added, are placed on a data tape, the program is then
used in the "“determination mode™ just as with real data. In the
determination mode, noise can be added to the computed observables.
The magnitude of the standard deviation of the added noise 1is
selectable by the user. This mode is called the "reference mode".

The principal output from the program is a time history of
the position and velocity of the vehicle; the time history of the
osculating elements, and the time history of the covariance matrix
of the position and velocity of the vehicle, either from real track-

ing data or from data generated internally.

VII-2




B. Summary of Optjons Available to the User

A number of options and choices of input conditions are avail-
able to the user. The major options and the selections under each
are given here in order to give the user some feeling foi the
choices available., More precise definitions and suggested values
are given in subsequent sections. The exact form of the input re-
quired is given in Table I1I1I.

Reference Mode
A. Purpose

To generate a set of time observations of a satellite orbit
from selected topocentric positions and to store them so that they

can be used in test runs in the "determination® mode.

B. Options
a. Orbit injtial conditions See T 171
l. Coordinate System KLM1
2. Units of vector ' KLM
3. Components of Vector RCIN(1-3)
RPCIN(1-3)
4. Time of Initial Conditions NYEARP
DAYS
HRS
HMIN
SEC

b. Integration rint and

measurement intervals
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1. Integration interval, near

earth DTNE

2. Integration interval, far DTFE
earth

3, Print and measurement interval, PRNTNE

near earth

4, Print and measurement interval, PRNTFE
far earth

¢c. Perturbing sources

1. use or reject, individuelly, the BMU
perturbing influences of the Sun,
Moon, Venus, Mars, Juplter

2. drag coefficient CDRAG
3, vehicle area to mass ratio AMASS
d. Total time of run TMAX

e. Station Information
1. Station locations (maximum= 25)

geodetic latitude SLAT, SLATM, SLATS
geodetic longitude SLON, SLONM, SLONS
height above reference geoid SALT

correction for geodetic net TEBAR

error (Qu, Av, d2r)

Coordinate system rotation, R/R ROTXY(K)

system,oc

2. Radio frequencies (for propagation

calc.)

transmitter FUP

recelver FDWN

3., Data availability
data available at each station TEBAR

data to be generated by program at ITSAVE
station if available(indicated by
TEBAR)
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f. Corrections

1. Compute precession, nutation and KLM2
libration effects

2. Compute refraction corrections KRF
ground index of refraction XNZ
tropospheric scale factor HALT

integration step size for tropo- DH1
spheric evaluation

upper limit to troposphere H2
maximum electron density PZERO
height of bottom of ionosphere HZERO

height of max. electron density HM
upper limit of ionosphere H4

integration step size for iono- DH2
sphere evaluation

g. Output Options

See Section VIII-C,

Determination Mode

A, Purpose
To take real data (or data generatesd in the reference mode)
and determine the orbit of the vehicle.

B. Options

a. Estimate of orbit initial conditions Symbol or location
l. Coordinate system KLM1
2. Units of vector KLM
3. Components of vector RCIN(1-3)
| RDCIN(1-3)
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3.

4,

Time of initial conditions

Covariance matrix of estimate

Int n rint and measu n

intervals

Integration interval, near earth
Integration interval, far earth
Print interval, near earth

Print interval, far earth

¢c. Perturbing sources

1.

Use or reject, individually, the per-
turbing influences of the Sun, Moon,
Venus, Mars, Jupiter

Drag coefficient

Vehicle area to mass ratio

Timing and iteration

Length of time of iterations

Number of iterations in first and
second passes

Length of time in second pass

Station information

Station locations (maximum=25)
geodetic latitude
geodetic longitude

height above reference geoid

coordinate system rotation(R/R system)

correction for geodetic net error
(A, 8+, dw)
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NYEARP
DAYS
HRS
HMIN
SEC

PMAT

DTNE
DTFE
PRNTNE

PRNTFE

BMU

CDRAG

AMASS

TMAX

ITERS

TMAX2

SLAT, SLATM, SLATS
SLON, SLONM, SLONS
SALT

ROTXY(K)

TEBAR




2, Radio frequencies (for propagation
calculation) '

transmitter
receiver

3. Data selection and rejection
Data types at each station
Save data of this type

Rejection of data of any given type
at every Kth data point

Reject data beyond K & at first
fjteration and C ¢ on subsequent
iterations

Magnitude of Kl

Magnitude of C

4, Measurement System Accuracy
standard deviation of measurement, O
correlation coefficient, 2

f. Improvement of Precision

1. Add terms to input E¢?

variance of

station location (S2u,
S2v; S2w)

variance of timing error

variance of speed of light
variance of maximum eiectron density
variance of ground index of refraction
variance of GM (earth)
variance of GM (moon)

variance of second harmonic, J20
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FUP

FDWN

TEBAR
ITSAVE

NUM(1-16)

IRDATA

WSwW(1)

WSw(2)

TEBAR

TEBAR

CMLT

TEBAR

SDT
SVL
SRM
SN1
SGM
SMM

SJ



variance of third harmonic, J3g
variance of fourth harmonic, J,q
g. Noise Generation
1. Add error to observables with standard

deviation equal to £ (should be used
only with data generated in reference

mode)

h. Qutput Options
See Section VIII-C
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VIII. OPERATING PROCEDURES

A. General

The program is run as a standard Monitor job. The program,
followed by the Specifications Input (described in Section VII-B.1.)
is loaded on physical tape A-2, Standard (off-line) output is
written onto physical tape A-3. The tape containing ephemeris tables
is mounted on physical tape A-5.

In the reference mbde, a blank tape is mounted on loglical tape
16 and the observations generated are written onto this tape in
binary format. For the determination mode, the binary tape contain-
ing the observations to be used in the orbit determination is mounted
on logical tape 16. Other tapes required for optional outputs are
described in a subsequent section.

Several cases can be run as one Monitor job by stacking the
appropriate sets of Specifications Input behind the program on A-2,
At the start of execution of each case a program pause occurs and
an on~line message, "PAUSE TO MOUNT TAPES,” is printed. This allows
for running successive cases which may require different observation
data tapes. After mounting is completed, execution is resumed by
depressing the START key on the operator's console.

B. Input
1. Specifications Input
This is the input which is loaded behind the program and
contains initial conditions, case parameters, station information

and control options,
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a. Format

A detailed description of the INPUT Format is given
by Table III. The dataare entered in twelve sections. The
data for each section are preceded by a heading card with the
section number entered in columns 1-5 as an integer. The
quantit9 in the description column is entered on the
specified card of the section in the appropriate columns.
The name given is the name used for the quantity in the pro-

gram.
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TABLE III:s

Sect. Card Cols. Name
1 1 2-72 ITITLE
2 1 1-18 TMAX
19-36 TMAX 2
2 1-18 DTNE
19-36 DTFE
37-54 PRNTNE
55-72 PRNTFE
3 1-5 NYEARP
6-10 DAYS
11-15 HRS
16-20 HMIN
21-30 SEC
3 1 1-6 BMU
7-10 KLM

SPECIFICATIONS INPUT

Type Description
12A6 Title
F18.8 Final time, hrs,
E18.8 Final time of second‘run, hrs.
E18.8 Near earth integration interval,
hrs.
E18.8 Far earth integration interval,
hrs.
E18.8 *Near earth print interval,hrs.
F18,8 *Far earth print interval,hrs.
1% Year of initial conditions
F5.0 Day of year (Jan. 1 is day 1)
F5.0, Hour of day
F5.0 Minute of hour
F10.0 Second of minute
6F1.0 6 values - represent attracting
bodies - if body is not used,
insert O, if used insert 1 in
the arrav - left to right
1 Earth
2 Sun
3 Moon
4 Venus
5 Mars
6 Jupiter
I4 Indicator for input dimensions

0 for earth radii, ER/hr
1 for km, km/sec

*In reference mode, observations are generated at this time.
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Sect. Card Cols. Name Type Description

3 cont 11-15 KLM1 I5 Type of input coordinates

1 Cartesian coord. w,=0

2 Cartesian coord.compute We

3 Geodetic long,lat,hts
Ve,, Vn, Vh ; Wez=0

4 Geodetic long,lat,hts
Ve ,Vn,Vhicompute we

% Geodetic long,lat,ht;
‘Vl){)AZj (.-)¢ =0

6 Geodetic long,lat,hts
Wi, ¥, Azicompute @,

7 Geocentric RA,DEC’ ,Ht}
Vaa s Yoic) Var § we:o0

8 Geocevtr&c RA,DEC' ,Ht3
Vv, ompute w '

o GuRR b oD hEC Ht s
'V'J X) A!‘; “"2.’0

10 Geocentric RA,DEC: ,Ht;
IVl,{, Az;compute We

1 16-20 KLM2 15 Flag for precession & nutation
1 for prec. & nuta., input
vectors in true earth system
O no prec. & nhuta
2 for prec. & nuta., input
vectors in base date system

21-25 KLM3 I5 Data time correction flag
0 to bypass
1 to compute correction

26-30 KRF 15 Refraction correction flag-
0 to bypass ,
1 to compute corrections

31-35 KDATA 15 Number of data points in deter-
mination mode, zero in refer-
ence mode

36-40 KPRTR I5 If non-zero a time history is
generated on logical tape 18.
See 1018 for other use of
L.T. 18.
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Sect.

3 cont.

Card

Cols,

41-45%

46-50

1-18

19-36

43-54

Name

IFLAGS

I0BS

KONDS

ITERS

IRDATA

1418

CDRAG

AMASS

WSW

1WSW

VNAME

TADD

ITSAVE

Type

Description

I5

I5

I5

I5

E18.8
E18.8

4E18.8

615

3A6

El18.8

012

VIII-5

Print -control for Kalman calc.-
-1 for every time
O to bypass
1 approximate print interval,
mins.

Flag to compute observations
O for no observations
l for observation-no summary
2 for observation and summary

Print control for additional
data (see IFLAGS)

Number of forward iterations t,
to TMAX and t, to TMAX2

Flag to reject K o~ data (first
iteration) and C o~ data (subse-
quent iterations (WSW(1),WSWw(2)

Print BCD observables on LT18;
if non-zero KPRTR must be zero

Drag coefficient
Area/mass - cm2/gm

(1) input value is number of & 's
above which data a&e rejected
on first pass(See IRDADA)

(2) input value is number of o 's
above which dataatre rejected
on subsequent iterations

(1) =0, use grown P_ on itera-
tions
# O, use initial P
tions
Others not used

on itera-

o

Name of vehicle

Initial random number; zero if no
noise is to be added to data

Data types to be generated in
reference mode.

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|



Sect. Card

Cols.

Name

5 cont 1 cont 43-54 .cont

3-6

1-3
4-15
16-20
21-25
26-30
34-35

37-54

55-72

Type

NUM(1-14) 1415}
6) 215

NUM(15-1
TIME(I) 4E18.8
RCIN(1) ¥ 3E18.8
RCIN(2)
RCIN(3) J
RDCIN(1) } 3E18.8
RDCIN(2)
RDCIN(3)]
NUMSTA 15
K 13
STANM 2A6
TEBAR(5,1,K)F5.0
TEBAR(5,2,K)F5.0
TEBAR(5,3,K)F5.0
TEBAR(5,4,K)F5.0
FUP (K) E18.8
FDWN (K) E18.8
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Description

0 No data of this type
1 data of this type

types 1-12 from right to left
In Determination, indicates
data types to be processed if
desired and if available.

Data selection indicator

*0 Bypass this type

:K Use every Kth of this type
Time of first acceptance for
every Ith type

Initial position vector(See KLM1)

Initial velocity vector(See KLM1)

Number of stations input (mximum
of 25)

Station number

Station name

Data types available at station
in ascending order with trailing
zeroes if less than four types.

\
Transmitter frequency(megacycles/
sec)

Receiver frequency (megacycles/
sec)



Sect. Card Cols, Name Type Description

8 cont 3 1-5 SLON F5.0 Longitude,deg. (positive east)
geodetic
6-10 SLONM F5.0 Long., min.

11-20 SLONS F10.0 Long., sec.

21-25  SLAT F5.0 Latitude, deg.(positive north)
geodetic

26-30 SLATM F5.0 Lat., min.

31-40 SLATS F10.0 Lat., sec
41-50 SALT F10.0 Geodetic altitude, ft.

51-72 ROTXY(K) E22.8 Rotation angle of R/R stations
(e ), radians

4  1-18 TEBAR(1,1,K)4E18.8 *Standard deviation of data type
specified by TEBAR(5,1,K) (Card 2)

19-36 TEBAR(1,2,K) *Correlation coefficient between
TEBAR(1,1,K) and TEBAR (2,1,K)
(Card 2)

37-54 TEBAR(1,3,K) *Correlation coefficient between
TEBAR(1,1,K) and TEBAR(3,1,K)
(Card 2)

55-72 TEBAR(1,4,K) *Correlation coefficient between
TEBAR(1,1,K) and TEBAR(4,1,K)
(Card 2)

5 1-18 TEBAR(2,1,K)4E18.8 S2U, Variance of geodetic2net
: error, # direction, (ER)

19-36 TEBAR(2,2,K) G. See T,

37-54 TEBAR(2,3,K) P2z See Py

55-72 TEBAR(2,4,K) Pay See P,y

*%Wee next section for units for various observation types
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Sect. Card Cols. Name Type

8 cont 6 1-18 TEBAR(3,1,K)4E18.8
19-36 TEBAR(3,2,K)
37-54 TEBAR(3,3,K)
5%5-72 TEBAR(3,4,K)
1-18 TEBAR(4,1,K)4E18.8
19-36 TEBAR(4,2,K)
37-54 TEBAR(4,3,K)

10

8§5-72 TEBAR(4,4,K)
repeat cards 2-7 for each station
1-6 1-12 iPMAT(6,6)
13-24
25-36
37-48?

49-60

61-7%

1 1-18 CMLT E18.8

19-36 SRM E18.8

VIII-8

6E12.8

Description

S2V, Variance of geodetic _net
errors, v direction, (ER)

.S2W, Variance of geodetic net

error, w direction, (ER) 2

O3; , See o,

&H) See PW

AU, Station location error;

geodetic net error, u direction
(ER)

Anr , Station location error
caused by geodetic net error, Vv
direction (ER) -

Aw , Station location error
caused by geodetic net error, w
direction (ER)

T, See Ty

(6x6) matrix - initial

estimate of the covariance

matrix. Each card contains

one row of the matrix

Unita of diagonal, elements are
(ER) < and (ER/HR) 2. Units of off

diagonal elgments (ER) ¢,ER2/HR
and (ER/HR)“.

O-bypass computations
synthesizing e?*

2 . :
(electrons/ma) , variance of
maximum electron density




Sect. Card Cols. " Name Type Description

10 contl cont 37-54 SDT El8.8 HRS2, variance of timing error
55-72  SVL £18.8 (ER/HRZ)2, variance of speed of
light
2 1-18 SGM £18.8 (ER3/HR?)2, variance of GM
19-36  SMM E18.8 (ER3/HR2)2, variance of moon's
gravitational attraction
37-54 sJ2 E18.8 (unitless), variance of second
harmonic
55-72 SJ3 E18.8 * (unitless), variance of third
harmonic
3 1-18 SJ4 E18.8 (unitless), variance of fourth
harmenic '
19-36 SN1 _E18.8 (unitless), variance of ground
index of refraction
37-54 SN2 E18.8 Multiplier times input matrix
used on first iteration
4 1-18 PEEK E18.8 Sampling gross interval
19-36 SAMPLE £18.8 Sampling period
37-54 RATE E18.8 Sempliing step size
11 ] 1-18 FZERO E18.8 Maximum electron density,el/m>
19-36 XNZ F18.8 Refractivity at station,unitlecss
37-54 HALT E18.8 TﬁchSpheric Model scale factor,
K
55-72 DH1 E18.8 Troposphere intearation step
. size, KM
2 1-18 DH2 .E18.8 TIonosphere integration step size,
KM .
19-36 HZERO E18.8 UFeight of bottom of icnosphere-
‘ KM
37-54 HM E18.8 Height of max electron density -
KM
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Sect. Card Cols.

11 cont 2 cont 55-72
3 1-18

12

H2

H4

Type

Description

E18.8

E18.8

VIII-1O

Upper limit of Troposphere,KM
Upper limit of Tonosphere,KM

End of input




b. Further Descriptions and Input Values
Where required, thls section will_describe, in some
detail, the input quantities and typical values to be used.
The 1ist will be in the order of the input list of Table III.
TMAX This time, in houré, represents the total ephemeris
time of interest, measured from the time of the initial
conditions. When using the iterative mode, it repre-
sents the maximum time of the first #(= ITERS) iterations
TMAX?2 After ITERS iterations to TMAX, the program can change
| TMAX to TMAX2 and repeat through ITERS iterations
to TMAX2,
DTNE This is the nominal integration interval used when
the vehicle is within 4 earth radii. 1Its value can
range from .03125 to .25 hrs. with .0625 hrs. being
a reasonable nominal value.
DTFE The integration interval used when the vehicle is
beyond 4 earth radii. Its value can range from .12%5
to 1.0 with 0.2% hrs. being a reasonable nominal value.
KLM1 More complete definitions of the input coordinate
systems are given in Section VI of this manual.
KLM2, KRF, Flags for computing prec/nuta, refraction and time
KLU coriections. Their use with real data improves pre-
cision at the expense of added running time.
ITERS In determination‘mode,.program will iterate through

data this many times to TMAX, then, this meny times
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again to TMAX2 if it is greater than TMAX.

IRDATA Rejects data whose residual is > K ¢ on first
jteration and >>C 0 on subsequent iterations (acts
the same when TMAX or TMAX2 is the maximum time).

C is input as WSW(2)
K is input as WSW(1)
CDRAG Drag coefficient to be used when low satellites are

being considered. Nominal value is 0.}

AMASS Area/Mass ratio of satellite. Vaue can be computed
from AMASS =
Frontal area (£¢2) « 2,0481 = area (in cm> , the required
Satellite welght (1bs) mass (in grams input dimen-
sions
TADD See subroutine description ANDRN, where TADD corres-

ponds to X. Floating point 1.0 is a reasonable
nominal value. Necessary to add noise to errorless
observations generated in reference mode.

ITSAVE Indicator for data to be generated in reference mode
or to be processed in determination mode. This,
plus indicator for data available from e#ch station
(in TEBAR), are both required to generate or process
data of a particular type from a particular station.

NUM(1-16) Indicatér which allows the bypassing (of the data
type indicated) of all but the Kth time the data is
available. This gives the user a method of rejecting

available data at periodic intervals.
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TEBAR(S 1,K) :
2,K) Define the types of measurements available at each
gg 3,§; station, 4 maximum
FUP(K), FDWN(K)Transmitter and receiver frequencies of station
ROTXY Rotation angle, ©( , as defined in Figure IV,
(R & R system only.)

TEBAR The matrix input is

G;' el 93 -04
SV G2 63 Poq

s2v siw @33 P
AJ v Aw  Ta4

In operation, the 6 lower left elements are removed

for use in their proper places, and elements m, n are
overwritten by the quantities in n, m. The m = n ele-
ments are squared and the m # n elements are over-
wittten with P’"" m gh .

Units are:

g = earth radii, earth radii/hr, radians, direction
cosine units

P - unitless
Typical values are given in appendices for particular
measurement systems,

$2U, s2v, Saw Variance of station location in u,v,w coordinate
system (see Appendix K for typicsl values). Units

are (earth rad11)2.
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AU, &V, OW Corrections to station location in u,v,w coordinate
systems., See Appendix K for typical values. Units
are ER.

PMAT(6,6) Covariance matrix of estimate of the orbit's initial
conditions. Diagonal elements are variances. “
of X ~p=— é, consecutively down the diagonal., Units
are (ER)? and (ER/HR)Q. Off-diagonal elements are
corresponding covariances, units of (ER)’, ER2/HR,
and (ER/HR)Q. Typical input matrix is

-7 0 0 0 0

10-7 0 0 o

0 1077

0
0

0 0 0
0 107 0 0
0

o ©o o o o O

0
0 0 0 10~
0 0 0 0 10

or

0x=0y = Tz = ZKM
G =0y =03 = 117775
SRM variance of electron density at maximum point in
jonosphere. Typical vdue is 81 «x 1022 (el/hs)z.
SDT variance of timing error of data.
Typical value is 1 (millisecond)2 = 7.716 x 10714 (mms)?

SVL variance of speed of light

2
Typical value 1s (1 x 106 x ¢)? = .02856 (ER/HR)
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SGM variance of the product of the universal gravitational
constant and the earth's mass.
Typical value is 2.24% x 1078 (ERa/HRz)2

SMM variance of the product of the universal gravitational

constant and the moon's mass

Typical value is 5.993 x 167 2 (Er3/ur2)2.

S$J2 variance of second harmonic of earth's potential
Typical value is 4 x 10-14 (no units)

SJ3 variance of third harmonic of earth's potenfial
Typical value is 4 «x 10718 (no units)

SJ4 , vériance of fourth harmonic of earth's potential
Typical valde is 1 x 10714 (no units)

SN1 Variance of index of refraction at ground
Typical value is 400 (no units)

SN2 This is a multiplier times the €* matrix used on

the first iteraticn to TMAX and TMAX2.

Typical values are 102 to 106.

PEEK .
SAMPLE See section VIIERC,
RATE
PZERO Maximum electron density
Typical vdue is 1012 el/m3
XNZ Refractivity at station
Typical value is 313 (unitless)
HALT Scale factor of tropospheric model

Typical value is 7KM

VIII-15



DH1 Step size in computation of tropospheric error

Typical vaue is IKM

DH2 Step size of the integration in the ionospheric error

Typical value is 10KM

HZERO Height of the bottom layer of the ionosphere
Typical value 1s 250 KM
HM Height of the peek electron density of the ioneephere
Typical value i§ 400 KM
HZ Upper 1imit of troposphere
Typical value is 40 KM
H4 . Upper limit of ionosphere
Typical value is 2000 KM
2. Observation Data Input
a. General

The observation dataare supplied on tape.

The format for the tape is described below., It should
be noted that the order of the observations cannot be
violated, i.e.,

1) Azimuth

2) Elevation

3) Range

4) Range Rate

5) Right Ascension
6) Declination

7) f{ Direction Cosine
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WORD
WORD
WORD

WORD

WORD

WORD

8) m Direction Cosine
9) X Antenna Angle
10) Y Antenna Angle
11) At (Range Equivalent)
12) A t' (Range Rate Equivalent)
13)-16) Open
The program is, at present, limited to 16 types of
observationé.
b. Tape Format
A Binary tape containing the observation data must
be supplied with the following format:

Each record contains 21 words

1 Integral hours since 1960 Jén 1,0h to time of observation
2 Integral minutes beyond hours
3 Integral and fractional seconds beyond minutes
4 Station number (same as one assigned in section 8
of the Specification Input)
s Obgervation type word (same format as ITSAVE of sec-
tion 3 of the Specification Input)
6 - ) The actual observation values. There are as many
21 'f values as there are non-zero digits of WORD 5. These

values are packed in the lower order words while trail-
ing zeros fill the remaining words of the total 16,
The only exception to this trailing zero fill is when

real Range-Range Rate data are used (see Appendix 1I).
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Angles are in radians; distance in earth radii, rates
in earth radii/hr and time measurements in seconds.
Note: In the reference mode, this format is produced on logical
tape 16 by the program for use in the determination mode on
logical tape 16.
C. QOutput
1. Standard (Off-Line) Output
This output is divided into three separate parts, the fre-
quency of output of each part being controlled by a value read in
with the Specifications Input. The names of all quantities being
written out are specified along with the numerical value. When the
program is operating in the reference mode, the quantities which are
not pertinent are deleted. The quantities included in each part and
the manner of controlling frequency of output is now given.

SECTION 1s This section is output at intervals of PRNTNE

when in near-earth reference and at intervals of PRNTFE

when in far-earth reference. If the program is operating

in the determination mode, this section is automatically
output at every observation time point. The quantities
output are the time, the components and magnitudes of RC

and RDC (instantaneous'position and velocity vectors, res-
pectively) and Arhk (the correction vector to the state
variables, in earth radii{ and earth radii/hour). The dimen~
slons of RC and RDC are determined by the input quantity
KLM,
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SECTION 23 The frequency of the output of this section
is controlled by the input quantity KONDS in the follow-
ing way:

If KONDS = -1, this section is output every
time section 1 is output. If KONDS is O, this section is
never output. If KONDS = N, then this section is output
approximately every n minutes. The quantities output in
this section during the determination mode are the same
as section 1 plus:

a) the osculating elements and astronomical information

b) the station name, observed-data, computed data

and the difference between them

c) the M matrix for the data observed

d) the EFimatrixvemployed at that data point

e) the P matrix after the data have been included.
If the running program time is not equal to a particular
observation data time, only parts a) and b) will be printed
in addition to Section 1 output. In this case, the
observed data printed are that of the next observation
time which the program will encounter,

In the reference mode only Section 1 output
and parts a) and b) are printed. 1In this case, the observed

value will be zero but the computed value will be that
éssociated with the present program time. In the deter-

-

mination mode, this computed value will be observed data.
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SECTION 3t The frequency of output of this section is con-

trolled by IFLAGS in the same way that section 2 was con-
trolled by KONDS. The output in this section consists of
the matrices involved in the minimum variance filter, in
dimensions of earth radii and earth radii/hour. The
matrices are S, Q(tj_;), ¥/(t, t7}, ?(t, to)s Q7 (ty), N,
NQN*, €2, Y, y'!, L, LNQ, and Q#(t,) and PT(ty).

If a summary has been called for in the Speci-
fications Input, it will be output at the end of each case.
The quantities output are:t Time of each observation,
observed value and its residual for each observation type;

root-mean-square value of the residuals for each observa-

tion type. All dimensions are labeled on the output.

Additional (Optional) Off-Line Output

If a summary has been specified, a blank tape must be

mounted on logical tape drive 17. This tape is automatically re-

wound at the completion of each case, so that a new tape does not

have to be mounted at the pause for the beginning of a new case.

If the quantity 1018 has been set to 1 in the Specifica-

tions Input, a blank tape should be mounted on logical tape 18.

At the completion of a case, this tape will contain, in BCD form,

the data used with time correction and range ambiguity resolution

in packed form with Station Identification and time tags.

It is possible to obtain a time history of the trajéctory,

instead of the preceding information, on logical tape 18. This is

VIII-20




accomplished by setting KPRTR to non-zeré in the Specifications Input.
To obtain additional standard printout at periodic intervals
over and above the nofmal print intervals, the user can specify a
PEEK, SAMPLE and RATE. Printout will occur every PEEK hours for a
period of SAMPLE hours at an interval of every RATE hours. For
example if PEEK = 5, SAMPLE = 1, RATE = 0.5, the user will obtain
every 5 hours a standard printout (as specified above)for a period
of 1 hour once every 30 minutes. Therefore, there will be 10 addi-
tional printouts.
3. Optional On-Line Output
If Sense Switch 4 is down, the following quantities are
output on the on-line printer during the running of the case:
i. the value of each observation, its residual, and
the running root-mean square value of the residualj
ii. the diagonal elements of the P matrix in input units;
ii1i. the diagonal of the Keplerian parameter covariance

matrix. (See Subroutine SOMFGA)
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IX. DIRECTORY OF IMPORTANT PROGRAM SYMBOLS

A. Alphabetical List of Symbols in Common

This is a complete 1ist of the quantities in common. This 1list
covers the important and most used FORTRAN mnemonics. It should

serve as a guide to help in making changes or additions to the program.

A Semi-major axis of two-body solution
AABS Magnitude of A
ACC Simulated accumulator for integration scheme

ALAMDA Parameter transition matris

ALMAT L matrix of minimum variance filter
AMASS Ratio of area/mass
AMMAT M matrix
AREF Reference vélue of A
AUERAD Conversion factor for A.U. to E.R.
BMASK Octal flags for data types
BMU Array of working body indicators
CA ‘\
CB
ccC
Parameters pertinent to rectification
CD
CE
CF
CDRAG Drag coefficient
CKMER Conversion factor for E.R. to km.
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CKSERH Conversion factor for E.R./hr to km/sec

CLAT Cosine of latitude

CLUE Logical indicator

CMLT Indicator for computation of additions to elements of EE’
matrix

COMG JL of oscuhting elements

CONA 2nd gravitational harmonic coefficient

CONJ lst gravitational-hafnonic coefficient

CONK 3rd gravitational harmonic coefficient

CPOS Block of reference body positions

CRAD Conversion factor from degrees to radians

CWLIN Block of perturbation values and their 1st and 2nd
derivatives

DAYK Number of days since epoch

DAYS Launch day of year

DELALP Array of corrections to alpha parameters

DELTA Correction to elevation angle

DELX Array of corrections to state variables

DELY Arrey of residuals (observed value-computed value)
DFRHO Linearization of dP /dh

DH1 Refraction increment in troposphere

DH2 Refraction increment in ionosphere

DTFE Far-earth integration step-size

DTI Current integration step-size

DTNE Near-earth integration step-size

EBAB Covariance matrix of observations
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ECC
EI

EN
EPSSQ
ERAD
Fl, F2
FA

FB

FC

FD
FDOWN
FPTH
FRHO
FTH
FUP
HAFPI
HALT
HM
HMIN
HMU
HRS
HZERO
H2

H4
IFLAG

1018

Eccentricity of orbit

Inclination

Mean motion

Square of earth's ellipticity

Earth's radius in km

Up and down frequencies of tracking signal

f, term
f2 term
f3 term

f4 term

in
in
in
in

series
series
series

series

expansion
expansion
expansion

expansion

of Keplerian
of Keplerian

of Keplerian

Model
Model

Model

of Keplerian Model

Array of station receiver frequencies

F'(0) term used in Keplerian model

Array of atmospheric densities

F(O) term used in Keplerian Model

Array of station transmitter frequencies

90° in radians

Scale factor for tropospheric refraction model

Altitude of ionospheric maximum electron

Minutes of launch hour

Earth's gravitation constant

Hours of launch day

Altitude of bottom of ionosphere

Lower limit of ionosphere

Upper limit of ionosphere

density

Indicator for frequency of printing Kaiman Matrices

Indicator for writing BCD data on L.T.
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I0BS
IRDATA
ITER
ITSAVE
ITYPE
JDRAG
KDATA
KLM
KLM1
KLM?2
KLM3
KOMP
KONG
KPRTR
KRF
KSTA
KTAB
KTHC
KWBMU
KWDDX I
KWDX I
KWL IN
KWL IND
KWX I
LDDXIA
LDDX12Z
LDXIA
LDX1Z
LXI

LXIT

Flag for computation of observations

Flag for inclusion of data rejeﬁtion option

Number of iterations remaining

Data to be generated by program at station if available
Signifies type of data to be expected in determination mode
Index used in drag computations

Number of observations to be processed

Indicator for units of position-velocity coordinates
Input coordinate type 1lndicator

Indicator for precession-nutation

Indicator for time corrections

Indicator for criterion leading to rectification
Indicator for frequency of printing

Indicator for writing ephemeris on L.T. 18

Indicator for refraction computations

Station numbers

Number of data points processed

Number of iterations in Kepler

Subscripts for RCB arrays

Subscript for array of perturbation accelerations
Subscript for array of perturbation velocities
Number of second order equations to be solved
Dimension of CWLIN array

Subscript for array of perturbation positions

Subscripts used in numerical integration
’
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MBMAX Number of working bodies

MREF Number of reference body

MUD Indicator whose value represents a cerfain error condition

MWREF Maximum number of working bodies

NSLTH Number of equations to be solved

NTYPE Array of indicators for observation types

NUM Array of indicators for frequency of processing of
observation types

NUMDAT Number of observation types used in a run

NUMSTA Number of stations used in a run

NYEAR Reference year for ephemeris file

NYEARP Yeér of launch

ZRM Magnitude of position vector

@vB Array of components of velocity vector

PDOT Earth rotation rate

PEEK Test interval for data generation

PERDRG Drag perturbation

PEROBL Oblateness perturbation

PERRAP Radiation pressure perturbation

PI 180° in radians

PMAT P matrix in Kalman computations

PRE Precession Matrix

PRNTFE Print interval in far earth reference
PRNTNE Print interval in near earth reference
PS160 Greenwich hour angle of 1960

PSIB Greenwich hour angle of epoch
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PSIDOT
PZERO
QMAT
RATE
RC

RCB
RCIN
RDC
RDCIN
RDI
RDTB
RECTT
RI
ROTXY
RTAB
RTB
RVB
RCMSCX
RCMSCY
RCMSCZ
SAMPLE
SAVEP
SCALDS
SCALEA
SCALED
SCALEV

SCALVS

Siderial-to-solar increment in earth rotation rate
Reference electron density

Q matrix in Kalman computation

Data sampling interval step

Instantaneous position vector

Vector for perturbing body to earth

Initial velocity vector

Instantaneous velocity vector

Initial velocity vector

Velocity vector at last rectification

Two~-body velocity vector

Time of last rectification

Position vector at last rectification

Rotation of X-Y antenna axes clockwise from north
Array of drag values

Two body position vector

Vector from vehicle to perturbing body
Components of vector from station to vehicle

Data sampling interval

Original'P-matrix estimate

Scale fictors
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SDDX1
SDT
SEC
SGM
SILT
SINMAT
SJ2
SJ3
sJ4
SMA
SMAT
SMM
SN1
SN2
SEMG
SQTMU
SRM
STAC
STAHT
STALN
STALT
STANM
S2u
Sav

S2W

Array of perturbations due to gravitation

Variance of timing error

Seconds of launch minute

Variance of GM

Sine of station latitude

Inverse of SMAT

Variance of second harmonic

Variance of third harmonic

Variance of fourth harmonic

Mean Anomaly

S matrix of Kalman computations

Variance of Moon's gravitational attraction

Variance of ground index of refraction

Multiplier times

Small omega

et in first iteration

Square root of HMU

Differential Eccentric Anomaly

Array
Array
Array
Array

Array

o
*h

o
h

of

of

gtation
station
station
station

station

Station position

coordinates
altitudes
longitudes
latitudes

names

variances
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SVL

TADD
TBF
TBFD
TBG
TBGD
TEBAR
TFLAG
TH
THC
TI
TIN
TIRT
TK
TKEP
TMAX
TMAX2
TTABLE
TWOPI
TZERO
T ZHRS
UREF

WBMU

Variance of uncertainty in velocity of light

Current time

g~ of random noise to be added to observation

f and‘g coefficients of series in Encke computation

Array of variance-covariance matrix for each station
Sampling time reference

Differential eccentric anomaly (estimate)
Differential eccentric anomaly

Time of last rectification

Initial time

Time of last rectification

Time of next observation

Time of Kepler reference

Maximum time for first time arc

Maximum time for second time arc

Time for ephemeris reference block

360° in radians

Initial time &n hours

Hours of initial day

A reference vaue of semi-major axis used at rectification

Array of gravitational constants for reference bodies.
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WBNA
X1
YCOM

YDOT

YOBS
XNUT
XNZ

B.

ME Array of names of reference bodies

Inclination of orbit

Array of computed valies of observation

Velocity of vehicle in special coordinate system for refrac-
tion computations

Array of observed values

Nutation matrix

Reference index of refraction

List of Diagnostic Indicators

Several of the subroutines in the program perform tests for

certain error conditions, If an error is found to have occurred,

an integer value is placed in the error flag variable, MUD. A test

for non-zero MUD is made in MAIN at each integration step. If the

test Is passed, the value of MUD is printed out and the case is

term

inated.

The following is a 1ist of the vartous MUD values, along with

the subroutine in which each is set and the error conditions which

caus

=
(o
o

(7>
»
o

1010
-1020
3020

3330

ed it:

. WHERE
SET

MAIN
RECT
RECT
RECT
KEPLER

RFRCTN

REASON

DTFE £ DTNE

Excessive Change in A

A =0

Divide Check or Quotient Overflow
Quotient Overflow or Divide Check

HT < HS
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MUD
3333
5005
5010
5020
5030
5040
5060
8050
9100
21100
21200
77775

-77777

SL1

WHERE
SET

RFRCTN
OSCUL
0SCUL
0SCUL
0SCUL
OSCUL
0SCUL
DERIV
OBLATE
WORKMU
WORKMU
RECORD
MAIN

ATANS

REASON

m—— S ——

Cos 6 > 1

A=0

. Quotient Overflow

Quotient Overflow
Quotient Overflow
Quotient Overflow
Quotient Overflow

Divide Check

or

or

or

or

or

Divide
Divide
Divide
Divide

Divide

Check
Check
Check
Check

Check

Divide Check or Quotient Overflow

BMU(K) < ©

K = MREF

Data out of Sequence

T > TMAX

both arguments O
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NAME

ANDRN

ATANS
ATMSFR
CROSS

CWLAR

DALFA

DATE

DERIV

DCT

DRAG

EQF IX

EPHEM

EXEMR -

EXPR

FIX

GAMMAT

X. SUBROUTINE DIRECTORY

USES COMMON DESCRIPT ION

normally distributed random number genera-
tion (FAP)

computes arctangent in degrees
X prepared atmospheric density table
computes cross product

X used to keep the instantaneous, two body
and perturbation vectors consistent

X converts & parameter variations to state
vector variations by finite rotation method

X reference present time to 0,0 hrs
Jan 1, 1950

X computes the perturbation derivatives

computes dot product (a function sub-
routine)

X computes perturbation derivatives due to
drag

avoids termination on EOF (FAP)

X ENTRY

LAG: generates positions of the planets

READ1: initial positioning of planetary
tape

REFSWT: re-initializes for a reference
switch

resets E@FIX (FAP)

computes factors for coordinate conver-

sion
X defines data type
X converts from rotating geccentric system

to inertial system

PAGE #
X-4

- X-21
X=-22



NAME = USES COMMON
GENMAT X
INPUT X
INT X
KEPLER X
L IBRA X
MAT INV X
MINVAR X
MNOB X
MTML 3

MTML6

NUTA X
OBLATE X
OBSER X
oscuL X
PART X
PREC X
PRINT X
RAPS

RCTTST X
RECORD X
RECT X
REDIIC X
RFRCTN X

DESCRIPT ION

converts topocentric system to rotating
geocentric system

controls input
controls entries of integration routine

computes two-body coordinates and f
functions

computes lunar libration
inverts a matrix

performs minimum variance matrix
operations

computes lunar oblateness and libration
effects

multiplies 3 x 3 matrix
multiplies 6 x 6 matrix
computes nutation of earth

computes perturbation derivatives due
to oblateness

computes observations, partials and 62
computes the osculating elements
computes 74 (t, to)

precession

controls output

computes perturbation derivatives due to
radiation pressure

tests for a rectification
reads observation data
performs a rectificaticon

reduces an angle to less than 77

X-41
X=-42

X-43

computes effect of atmospheric refraction on X-48

observations

X-2




NAME

USES COMMON

RWDE6F

SMATRX

SOMEGA

STAPOS

SUMARY
SYMMAT

VECTOR

WORKMU

XFORM

DESCRIPTION

long term numerical integration package
computes point transition matrix
computes Keplerian element covariance matrix

computes station positions in inertial
coordinate

summarize the residuals
forces symmetry in an n x n matrix

computes multiples of a one dimensional
vettor

initializes the planets to be considered

converts input <coordinatesto coordinate
system of computation



Identification
ANDRN SHARE Distribution AA-NDRN, A 704 SAP program that

was Fortrenized by John Mohan of AMA.

Burpose

To generate a sequence of normally distributed random numbers.

Method

Each entrance into ANDRN will yield one value. The value is
obtained by first generating a psuedo-random number and then altering
it to satisfy certain criteria that are explained in the SHARE write-
up. After many entrances to the routine, a sequence of numbers will
have been generated that are characterized as normally distributed

with the specified mean and standard deviation.

Usage
Calling sequence
ANS = ANDRN (r,/u, x)

g~ ¢ standard deviation of the distribution

'/L $ statistical mean of the distribution

’X t any large octal number. The number should be input
to the main program amd changed from run to run in
order that unique sequences of pseudo-random numbers

are generated from run to run.




Identification

ATANS -~ Fortran function

Purpose
Computes the arctangent of the argument with optional quadrant

assignment.

Usage
ANS = ATANS (Y, X, K)
Computes arctangent of Y/X in degrees where Y and X have sign of

sine and c¢osine respectively.

K =1 0 = angle < 360
K =0 -90S angle < 90

K = -1 -180< angle < 180



Identification

ATMSFR - Fortran subroutine

Purpose

This subroutine sets up an atmospheric model to be used when
the inclusion of aerodynamic drag is desired. This is activated
when the drag coefficient and the area-mass ratio of the vehicle are
given as input. The atmospheric tables are stored in core. They
correspond to model #7, contained in Report #25 (Reference 5) of the

Smithsonian Astrophysical Observatory, fitting to the ARDC Model

Atmosphere of 1956 (Reference 6) at low altitudes. The units for

the air density are grams/cm3 and the height is given in ER from the

center of the earth.

Usage
CALL ATMSFR is performed in the initialization section of the

main program,




Identification

CROSS ~ Fortran subroutine

Purpose
Compute C = AxB

where A and B are singly subscripted.

Usage
CALL CROSS (A,B,C)




Identification

CWLAR - Fortran subroutine

Purpose

This subroutine has two distinct functionss

1. computes f = Rg - Rrp

J& = éC = Rrp
2. computes Rc = Rep + f
Re = Rpg *’é
Its principal use is to upaate the instantaneous position and velocity

vectors after each integration.

Usage
CALL CWLAR

A (-1) in the 1ist generates the first sequence of equations.

A (+1) in the 1ist generates the second sequence of equations.




Identification
DALFA - Fortran subroutine

Purpose

This subroutine converts the variations in the ™ parameters
to equivalent variations in the state vector by the finiterotation

method.

Usage
CALL DALFA




Identification

DATE - Fprtran Subroutine

Purpose

To compute the various time parameters required for precession

and nutation.

Usage
CALL DATE
CT -
D -
DT. =
TB =

(See Appendix A)

(r8, DT, CT, D)

number of Julian Centuries from oP Jan 1, 1950 to present.
h

number of days from O Jan 1, 1950 to present

CT - TB = number of Julian Centuries from present to
base date

number of Julian centuries from o Jan 1, 1950 to the
base date

X-10




-dentification

DERIV - Fortran subroutine

'Purgose

DERIV computes the components of the perturbation forces
arising from the sun, moon, and planetary masses, and from earth's
oblateness, drag, and radiation pressure. This routine combines
then the components of force from all sources into the Encke

vector f .

Method
See equations 2 through 10.

See flow chart following description of the subroutine.

Symbols

CPOS block of reference body positions produced by LAG

RCB block of reference body positions as used by DERIV

RVB block of vehicle positions

CWLIN block containing 5 , f , and §

SDDX1 block of components of § for each of the perturbing
bodies and the Encke term

PEROBL oblateness components cf g

PERDRG dfag components

PERRAP radiation pressure (Dummy)

Note that XI, DXI, and DDXI dc not appear with these names in the
program. They are a part of CWLIN array as specified by the

integration subroutine. Thev may be cbtained as follows:




X1(1, J) =+ CWLIN (1485 - 3 N@S@L + I + 3J)
DxI(1, J) —» CcWLIN (1885 - 6 N@S@L + I + 3J)
DDXI(I, J) —»  CWLIN (1485 - 9 NZSEL + I + 3J)
Arrangement of Storage Block for Integration Subroutine
RW_DEG6F MINIVAR
DEQ KWL IN
T T
DELT DTI
X1 X1(3,N@dsdL) = CWLIN (1488)
X1(1,1) (1489-3 N@S@L)
DX1 - DXI(3 NZSEL ) » (1488-3 N@S@L)
CWLIN DXx1(1,1) " 21489-6 N¢S¢L;
DDXI DDXT(3,N@S@L) " 1488+6 N@FS@L
DDXI(1,1) " (1489-9 N@S¢@L)
CWLIN CWLIN etc., " §1488-9 N@SFL)
1486-99 N@ZSEL)
X-12

| S
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Identification

DOT - Fortran function

Purpose

This routine computes the dot product of two vectors.

Usage
ANS = DOT (A,B)

where A and B are the two vectors.




Identification

DRAG - a Fortran routine

Purpose

To compute the perturbations contributed by atmospheric drag.

Method

CALL DRAG

See equation 8., The density is obtained by linear interpolation

of density-altitude table.

Symbols
VE R -JL xR

FRHOA
rriyop  tables of -% D % Cp versus altitude

DFRHOA

DFRHOB divided differences of the tables

POLAT interpolated value of -%fﬁ A Cp multiplied by|R - xR\
m

PERDAG x,y,z components of drag acceleration




Identification

EOFIX -~ FAP subroutine with two entties.

Purpose
This subroutine avoids termination by EXEM upon encountering

an END OF FILE by adjusting EXEM.

Usage

CALL EOFIX (IND)
1F (IND) 1,2,1

1 ERROR RETURN; EOF ENCOUNTERED
2 READ TAPE NO., LIST

CALL EXEMR to reset EXEM.
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Identification

EPHEM — A FAP subroutine with three entries.

1. READ1 Ephemeris tape read and core set up routine

2. READ2 Not currently used

3. LAG Interpolation for pesition and maintenance of
current planetary positions

4. REFSWT Reference ephemeris data to specified body.

Purpose

To set up in core a table of planetary positions referenced to
a specifiable body, to read in additional data when necessary, and
to interpolate in the table for position. See Appendix F for 2

description of the treatment of Planetary Coordinates.

Usage
1. READI]

Calling sequence (Fortran)

CALL READI

The following common storage must be set ups
NYEAR 3 Year of launch

TZERO & Time &n hours from base time¥

DAYS t Launch time, days

HRS s Launch time, hours

MIN s Launch time, minutes

SEC $ Launch time, seconds

MREF 1 Reference body

#Base time is 0.0 hours U.T. of December 31 of the year previous to
launch.




Usage (continued)
LAG
Calling sequence (Fortran)
Call LAG
The following common storage must be set up

T = Time;measured in hours from launch

READ]1 must be called once to set tables in core. LAG will keep
tables up to date.
REFSWT
Calling sequence (Fortran)
Call REFSWT
The following common storage must be set up
MREF - Reference body

READ] gives position vectors with respect to the reference body
indicated by MREF

MREF = 1 Earth reference
MREF = 2 Sun reference
MREF = 3 - Moon reference
MREF = 4 Venus reference
MREF = 8 Mars reference

To change the reference body, change MREF and CALL REFSWT




Identification

S ————

EXPR ~ Fortran subroutine

Purpose

To compute common terms for precession and nutation. (See

Appendix A)

Usage
cALL ExPR (T, D, SPI, EQ, E, X¢#, XC)
T time in Julian centuriles
D Julian days from present to o Jan 1 1950
E nutation in obliquity
EQ mean obliquity
PSTI nutation in longitude
X mean longitude of the moon

XC mean longitude of the descending node of the moon's mean
equator




Identification

FIX - Fortran subroutine

Purpose

To unpack observation data type designation.

gsa e
‘ Call FIX
OCT: An actual number whose bits represent whether an observa-
£ion type is available or not. A zero (0) means it is
not, a one (1) that it is. Proceeding from right to left
the bits represent azimuth, elevation, range, range rate,
right ascension, declination, L, M, X, Y, At, At', the
rest are open.
The program unpacks this‘number and stores each bit in
the decrement of NTYPE which is dimensioned sixteen (16)
NTYPE (1) corresponds toazimuth |
NTYPE (2) corresponds to elevation
NTYPE (16) corresponds to open
NUMDAT: Represents the total number of observables available

at any time point from one station.



Identification

GAMMAT = Fortran Subroutine

Purpose

GAMMAT computes the rotation matrix that transforms a vector

from a rotating geocentric system to the jnertial system.

Method

See Appendix A

Usage
CALL GAMMAT (CONST, GAM, GAMS, DI)
CONST earth's rotation rate
GAM transfofmation matrix
GAMS Greenwich Hour Angle
DI integer number of days since oP Jan 1, 1950




Identification

GENMAT - Fortran Subroutine

Purpose

GENMAT is a general purpose orthogonal transformation matrix.

Method

See Appendix A

Usage

CALL GENMAT (XLAT, XLONG, GHA)

XLAT = latitude
XLONG = longitude
GHA = Greenwich hour angle



Identification

S ——————

INPUT - a Fortran subroutine

Purpose

This routine controls the input to the program; The input 1is
divided into eleven sections. When running consecutive cases, only
the section in which the input has changed need be input. This
routine will also prepare the observation data tape if the observa-

tions are input on cards.

Usage
CALL INPUT




Iden;;{;gggign

INT - A Fortran subroutine,

Purpose
The routine was designed to mﬁke it easier to exchange the pre-
sent integration package, RWDE6F, for another one. It has four
distinct entites:
1. Initializatioﬁ
2. Normal backward difference entry
3. Runge-Kutta entry

4, Change integration interval

Usage
The entries are achieved by using a 0, 1, 2, or 3 in the calling
sequence, The subroutine RWDEGF should be read for a more detailed

explanation of the linkage.



Identification

KEPLER - a Fortran routine

Purpose

To solve the Herrick's two-body equations for a time greater

or less than rectification time.

Method

See section 1V,

Usage
CALL KEPLER




Identification
LIBRA = Fortran subroutine

Purpose
. A A A A A A
To transform from the moon fixed axes Xy Yy, Z, to the Xg Ygp Zg
axes,
Method

See Appendix A

Usage
CALL LIBRA



Identification

MATINV - Share distribution AN-F402, a 704 Fortran program.

Purpose

Solution of the inverse of a non-singular matrix.

Method

Gauss-Jordan elimination method is used to invert the matrix.

| Usage
CALL MATINV (A,K,B,M, DETERM)

As Matrix to be inverted
N3 Order of the matrix A

Bt Not defined for inverse solution but storage mwst be .
allocated

M: A zero denotes that MATINV is to be used only for
the inversion of the matrix A.

DETERM: determinent of the matrix a.

The inverse appears in A after return to calling program.




Identification
MINVAR =~ Fortran subroutine

Purpose

Kk variable order matrix multiplication routine specifically
designed for the minimum variance matrix calculation. The sub-
script N in the description below is the quantity that may vary.
It refers to the number of pleces of data that you wish to process

through the minimum variance filter,

!112:
CALL MINVAR

- —Zz
Enter with Myye, Sex6s Qgeg 2nd € NxN

Exit with Qyg, Phye, and Lg,y

Subroutine computes

NNx6 = MNx6 Sex6
-— *
Aexn = Q6x6 N6xN

- =3
- YNkN = NNg6 AgxN + € NxN
- -1
LexN = AgxN Y NxN
& - - -
x6 = Ax6 ~LoxN Nyye 2 6x6

+ - + *
Pex6 = Sex6 Qgx6 S6x6



Identification

MNOB -~ Fortran subroutine

Purpose
To compute the effect of lunar oblateness and libration on the

gravitational field.

Method
See Appendix A, OBLATE and LIBRA.

Usage
CALL MNOB (PERMN)

PERMN = perturbation due to moon's oblateness.




Jdentification

MTML3 -~ Fortran subroutine

Purpose

To compute the product of two 3 x 3 matrices.

Usage
| CALL MTML3 (A,B,C,K)
If K =1
C=AXxB
IfK =0
C - A x B*




Identification

MTML6é = Fortran subroutine

Purpose

To compute the product of two 6 x 6 matrices.

Usaqge

CALL MTML6 (A,B,C,K)

If X

H
—

If K

1
o

O
1

A x B*




Identification

NUTA <« Fortran subroutine

Purpose
To compute the coordinate transformations describing the earth's

nutation,

Method

See Appendix A

Usage
CALL NUTA



Identification

L ——————

OBLATE = a Fortran subroutine

Purpose
To compute the perturbations contributed by the non-spherical

shape of the earth, and the effect of precession and nutation.

Method
See equations (6) and (7) of Section IV and Sppendix A.

The earth oblateness potential may be written as
. - ; " . 3 \ / i
- [1@- 4] - 20 ()(E)]

e[ F - 5 @ 4]

where the equatorial rgdius of the earth is the unit of length and

where the coefficients Jyog, Jg0, Jy4p 3Te assigned to the following

numerical values (given by equations (8) and (13) of reference 7):

Joo = 1082.3 x 1076

Jao = -2.3.% 107°

m

340 -1.8 x 106

The perturbation accelerations due to the earth's oblateness are
given by equations (6) and (7) of this document. As actually pro-
grammed in the minimum variance program, the functions b and ¢ of

equation (7) appear as




b= cow [ 2 (2)- -LJ+ CONA[  (£)- "7'26"(’12‘:)3]
re[ () o))

C= ConJ [ 2] coud[ (23] + Col- 2 (2); 25(2)]

where
CONJ = 3/°LJ20 = 2‘/LJ2 of equation 7 of Section IV
CONA = " - uJ30 = I of equation 7 of Section IV
CONK = -5/9&J40 = 5)pLJ4 of equation 7 of Section IV

Note that the corresponding input quantities to the program are
CONJR = 3/2 /J.J2o

CONAR -/u.Jso
CONKR = -15/4/4.340 = 30/(,4..74 of equation 7 of Section IV

’/A.Jz of equation 7 of Section IV

/LL-J3 of equation 7 of Section IV

X=-3%




Identification

OBSER =~ a Fortran subroutine

Purpose

This routine computes the observables for a particular statlon
and the residuals which consist of the differences between the com-
puted values of the observables and the observation data. It also
computes the partial derivatives of the observables with respect to
the state variables. It is capable of this for azimuth, elevation,
range, range. rate, right ascension and declination, 1 direction
cosine and m direction cosine, X and Y angles, and 4t and A4 t*
(range and range rate equivalents). It also computes the time
variation of é?aas a function of a variety of errors, such as station
location, timing errors, etc.

If the program is operating in the data generating (reference)
mode it will generate a binary tape containing the observation, the
time of the observations, the type of observations made and the sta-
tion from which the observations were made. This tape may then be
used §§ a simulation of real data for the orbit determination mode
of the program. If the program is operating in the determination
mode it will generate another tape that contains the observations,
the residuals and the data type so that a summary of this informa-

tion may be made at the completion of the case.




Usaage

CALL OBSER

Method

See equations (47) thrcugh (82).




Identification

OsScUL = Fortran Subroutine

Purpose
The purpose of this routine is to sompute the classical osculating

Keplerian elements.

Method

The osculating elements are obtained from the following equations:

4= (j; ":ﬁﬁ?)—l
n :. /3 klf'iﬁ

¢ cosE } . or M_{E—esm/E
¢ cushE o e Siwh E - E
€ SINE 3 d |

€ SINhE ) ‘Vl/ual Z’pc: t“!:_;’_

The angles.fyjtq)i are obtained from the vectors H and P, where
H= RxR

ep=(r~ 2R -4




In terms of these vectorss

cos = Hz
h

siN{L = _Hx |

sint

cosfL = —HY
SIn ¢

(05 W= FreosdL + Ry sindL

SIN W = 1)1.
: Sint
Usage

CALL OSCUL

i in the first or fourth
quadrant



Identification

PART - Fortran Subroutine

Purpose

This subroutine computes the parameter tfansition matrix
Qy(t,tr) at any time. It must be called at rectification., If the

rectification is due to a minimum variance correction, it sets

¥ = 1.

Usaqge
CALL PART

The parameter transition matrix, ¢/ 1s qiven by equation (30).




Identification

PREC = Fortran subroutine

Purgose

To compute the coordinate transformations due to the earth's

precession.

Method

See Appendix A

Usage
CALL PREC

X-41



Tdentification

PRINT - - Fertran subroutine

Purpese

This subroutine contraols the nutput concerning the trajectory
of the vehicle, Tt will ocutput Ryc and éVC in E.R. and E.R./hr or
KM and KM/hr depending upon the input option KLM. The time at
which output is given 1is oetermined by PRNTDT, a print frequency
that is a function of the input paramet=rs PRNTNF and PRNTFE, This
routine also controls the cutput of the classical astronomical

elements.

Usage
CALL PRINT




Identification

RAPS - Fortran subroutine

Purpose
A dummy subroutine that is intended to compute the perturba-

tion accelerations due to solar radiation pressure.

Usage
CALL RAPS



Identification

RCTTST = A Fortran subroutine.

Purpose
The two-body orbit is rectified whenever the perturbations

exceed specified maximum valués. The following three tests are made:

|Re |
£ __!,A | > ,02
| Rel
3. [L'«-%— LRTB + %_J . g - .05’
T8

Usage
CALL RCTTST
The value KOMP, which is in COMMON, will contain an integer

which corresponds to the test that was failed upon return to calling

program. Otherwise KOMP = O,




Identification
RECORD -~ Fortran subroutine

Purpose
The reading of the observation data tape is performed by this

routine., It is read so that there are always two records in core
at any one time. A record consists of a time, observation data and
the associated station and the observation data type. If there is
more than one record at the same time due to simultaneous observa-
tions from different stations, the routine will read ahead to see
how many records have the same time. It will return to the main
program with this count in COMMON.

This routine also corrects the time recorded in the raw data
to cause it to correspond to the time the signal was transmitted
from the vehicle. It also resolves ambiguities in the Goddard

R & R system data.

Method
The time correction technique is discussed in Section VI-C.

The ambiguity resolution problem is discussed in Appendix D.

Usage

CALL RECORD



Identification

RECT - Fortran subroutine

Purpose
This subroutine computes the parameters pertinent to a

rectification. The three basic terms that are computed are a,

n and R, * Ry where the subscript r refers to the value Rg and

RC at the time of rectification.

Usage
CALL RECT

X-46




Identification

REDUCE = Fortran functioh

Purpose
Reduces an angle to less than 77

Usage

ANGLE = REDUCE (ANGLE)




Identification

RFRCTN - Fortran subtoutine

Purpose

Computes corrections to all observables due to

electromagnetic waves through a refractive medium.

Method

See Appendix C

Usage
CALL RFRCTN

propagation of




Identification
RWDE6F = Share Distribution No. 775. A 704 SAP program that

was Fortranized by Leon Lefton of AMA.

Purpose

To solve a set of N simultaneous second order differential

equations.

Method
A fourth-order Runge-Kutta method is used to start the integra-

tion and to change the step-size during integration. A €owell
"second-sum” method based on sixth order differences is used to
continue th; integration. Double precision is used internally to
control round-off errors. Truncation error can be controlled by
choosing an appropriate step-size. The values of the variables and

derivatives are consistent at all times.

Usage
1) For initialization
CALL DEIN (NEQ, DERIV, IORD, K, EPS, HMIN, HMAX, YMIN, DPT,
ACC)
NEQ: Number of differential equations
DERIViName of derivative routine
IORD:Ordér of backward difference scheme
K sRatio of Cowell step size to Runge-Kutta step slze
EPS tCohvergence criterion

HMIN :Minimum step size



HMAX
YMIN
DPT

ACC

$

Maximum step size

‘Minimum function value allowed

Least significant part of time

Routine places + value when in Runge-Kutta and -~

value when in Cowell.

2) Normal entry

CALL DEREG

3) Change integration interval

CALL DECHA (Nt)

4) Runge-Kutta integration with specified A t, CALL DFERKI

The location of NEQ is considered as the address that begins

the block of information concerning RWDE6F. Following NEQ there

is

time
At

yy = N
y, = N
yy = N

The share write up should be read for a detajiled description of

RWDEG6F .




Identification
SMATRX -~ FORTRAN subroutine

Purpose

This subroutine computes the point transformation matrix S or

its inverse.

Usage
CALL SMATRX

A +]1 in the 1ist will generate S
A -1 in the 1ist will generate s-1
The S matrix and its inverse are given in equations (23)

and (25).



Identification

SOMEGA = a Fortran sSubroutine

Purpose

To provide standard deviations in the estimates of the Kepleérian

orbital elements.

Method
1. Obtain the S matrix which is the partial derivatives of the

state variables A/-'g. with respect to the Keplerian orbital

elements

73 argument of perigee

- right ascension of ascending node

ox

Z - inclination
&€ - eccentricity
M

- mean anomaly
/1 -~ mean motion

2. Find the required covariance matrix from

4%%P "(TS&tP) F’(Ezmw

P is the state vector covariance matrix

3. Equations programmed are as follows:

LB (407"

If e > 0 and a 2> 0 then

'l
D o

SINE = F.F

,]#;-——4 o




If

if

If

= COSE 4 — SN EV/Z A
Fu o Af 'KAL AL

Y
A

Cos £ -5 ' y
__r_f S/A/E;//.%y
cos £ ., _ = - 5
=== 2 S/Mc;//_‘_% 2
e 2 0 then

/-/,¢=f2‘-ig

Hy = 24 -y 2

/¥z=4g’-yz¢

“Cos 2 = Hi’/(,#,«f’f ///lf ,427')’/2

S L= (i + 4] VV(M‘M}% Het) "2
sin i # 0 then

S - = Haf (it + %

cos L = ;//[,/4 2 44, )/2_

sin i # 0 and e >0 then
SIN W = Pa

CSINZ
Cosw = Ay cos (]l + %5‘/,1/_/2_

- A =l SIN w
w= 7an ( gose

X-53



If sin i = 0 and e =0 then

2os (L =1
SINLL =0

Regardless of sin i, If e = 0 then

w=0

cosw = |
SIN W =0
SINE =0
CosE =/

If sin i = 0 and e > 0 then
SIN LL=0
Cos JL =
5/~sz5¢
Cosw = Py
o= tar (352

The S matrix is programmed as follows

S()= 24 = —r(sm L cosL+ cos L cosz omdl)
W

N\,

s5(z1)= dé% = - r(swf_ SINLL— Cos e cos e m;,Q)
o2

s(31) =22 = r cosl sini

where = 2+ “-}

v = fan (Vi-¢ ’-S/A/c)

Cos £ -&




s(41)= _aéé = =Y, CasIL - Xn Cdi SINAL.
: w

S(51) = '_3_3'(_.: - Kx SN+ Xy Cos2 cosdL
W

Q

5(6)1) = ,b__é S ).(“ SIN T
ow

where

5(2,24 oy -
) -5—%_ ,LF
s(39)=22 . o

oLl
S(42)= Q4 _ -
=34 -4

S(52) =94 -
< 4
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n
W
&

i

NNV

ok
n
S
3
(o
Q
o
Nh

S(2,4) = ‘
(2,4) %= "'r_a(.'OS?l'f 2L
| «w e
S(3,4) = QE = —_r?; ACOSU +22 Dy
where ‘ . ~ =
o 2, _1_}
e = SWT(E+ o
SUAD= 24 . ae
VTS s E Y F s

cosz SN Cosw)]

S649=24 - aedy_ 4.
5? %@ 4 fy%. gf -1[%—[5,,(/_[2 SINW =
o5 i cosL cosw]
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= P e Ip
S(,3)= 24 - ae siNv- 4 + aVre* o4
j—ez F r+ oJw

SG5)= 22 - aeSNY g , Lioficer pa

om Yi—e: F r*  ow
= . <
0 3= TR 2
S(e) = 24 = — 24
S(z4) = gi = —57-#
s(34) =.§72‘ = — £
S(46)= 24 - 4
on 3h

W
N
N

"
&
i



Identification

T T

STAPOS — Fortran subroutine

Purpose

To compute the current station location in inertial coordinates.

See Equation 47,

Usaqge

CALL STAPOS




Identification
SUMARY = Fortran subroutine

Purpose

This routine summarizes the residuals in observations and/or
the state variables. The residuals in the observations are output
next to the observations fhemselvés. The time, in hours, min., and
seconds, from epoch is also given. The residuals in the state vari-
ables may also be obtained if a tape of the reference orbit ephemeris
from wﬁich the observations were generated is supplied on L.T.=-19,
The time, as defined above, is given. The component errors, magni-
tude error and also the relative error is given for the position
and velocity vectors., The relative error is the magnitude of the
error vector divided by the magnitude of the vector. All results

are labeled by name and dimension.

Usage
CALL SUMARY
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Identification

SYMMAT ~ Forttan subroutine

Purpose

To force symmetry in n x n matrices.

Method
/4&}" /4éj + /1/&
2
Usagg

CALL SYMMAT (A)

A = matrix name




Identification
VECTOR ~ Fortran subroutine

Purpose
The routine computes the 4th, S5th and 6th terms of a one

dimensional vector.

: _ 3
4th term -~ IVI
5th term =- |V]
6th term = |V|%

Usage
CALL VECTOR (V)

V is the vector of interest.



Identification

= —

WORKMU = Fortran subrautine

Purpose

The program is capable of inctuding the gravitational attrac-

tion of six perturbing bodies.

1.
2.
3.
4,
5.
6.

Earth
Sun
Moon
Venus
Mars

Jupiter

If any of these bodies are not desired, (see input section #2, card

#3), this subroutine will pack the various arrays that are asso-

ciated with these bodies to simplify the logic in generating the

gravitational perturbation,

Usage

CALL WORKMU is performed in the initialization section of the

main program.




- Ty -

Symbols
HMU

BMU
WMBU
BNAME
MBMAX

KWBMU

M of
table

tabte

names

of 6 mass parameters
of working mass parameters

of 6 objects

number of working objects

table

rdating indexing of working objects to the

original 6

|
|
\
l
reference body



L A ——

Identification

XFORM =~ FORTRAN subroutine

Purpose

To convert various input position and velocity representations

to Cartesian inertial position and velocities. See Appendix A.

Usage
CALL XFORM
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APPENDIX A
DESCRIPTION OF SUBROUT INES USED IN TRANSFORMATIONS

1.0 Subroutines for Transformations

1.1 PREC: Precession

( The spin axis of the earth is slowly precessing in inertial space

because of the lunar and solar attractions on the terrestrial bulge;

the plane of the earth's orbit about the sun (ecliptic) moves slowly
because of planetary attractions. As a result the intersection of
the earth's mean equator and the ecliptic (termed the first point in
Aries qm ) undergoes a gradbal rotation in space. Therefore, the
,%,2,) é‘q coordinate system as defined in Section VI is rotating
with respect.to the ;;lié)éb system. Figure A-1 illustrates this
rotation of the equinox with respect to its position as base date.

A ) P4l A A A
The transformation from qu %9’24 to Xgl )/g,i"g is [A] :

B ]

/ 0 0 d// dz, dg, _Aa” Aﬂ/t Ad/;
. _ v y
[ A]— o o * dlz d,zl ﬁ?z ¢ dﬂz, dﬂ;z Aﬂﬂ
0 0/ B
__/3 Az3 5122J fgék/ dﬂﬂ;z ‘jﬂii

y = /0000000 - 0.000296970 75° - G 000000/7075’

Az = 0022349587 + Q000767007 - 0 20000221757

Q3= '
3% G.009717// Tg ~ 0, 000002077F - 200000094 %S

49313‘_-a9z




» 3
3
Qr3= =0.000/0859 I ~ 0000000030 /g

A3(= - dy3

aBi = 423

[2; - Z 3
(¥ 7
3= /Wﬂoﬂaﬂ - G, 40004 72/ 73 Y ol 0, ﬂmaa&W 5

N
o
|

= —000029697 7, - Q ooaoo0370 T
da, = 8022299687, + aopoocbs?, - 4 ovooobs3 Ts

das= 200977117 - g 000002077, - 0, 0000288 Ty
AaZI = - Aﬂ,z

Doz2 = - A00024976T, - Goocvoo450 T,
daz3s= - p ooo/0859 7, — o o000, Ty
Adg r= - dﬂ/&’

Aaze= o dass3

dass= - g aooog721 7, + 0 covoovoéo 7

L= AT (273+47)
I5= A7 (7% Tz AT+ # 47?)
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The quantities A T and Tp are calculated in the subroutine DATE,
described in Section 2.1 below, Tg is the number of days from
Jan. 1, 011950 to the base date, divided by 36525, A4 T is the num-
ber of days from the base date to the present time, divided by
36523, The base date depends on the launch date of a particular tra-
Jectory being Jan 0,0h of the subsequent year.

The above form of the transformation is derived in Appendix B
from the forms given in the literature (see References 9,11,12).

The elements of the [ﬂ] matrix are computed whenever needed,

except that if l}] has been computed within the previous 1322 seconds,

the previous value is used.

MEAN equatoe or nare

FIGURE A-1
PRECESSION OF EQUINOXES



1.2 NUTA: Nutation
' A A
The oscillatory motion of the XE Ze Ze system about its mean

position ( Xg >@ Zn ) is given by the transformation from Xz )& 2=

A A A
to Xq Yg Zq -

-/ - SYuséy, - T¥wég |
- O¥ees ép / - JE
T¥sin &4 Je / |

where J ¢, JE and £ are obtained from subroutine EXPR. The
geometric significance of 2—4‘/, 2-5 and é@ is shown in Figure A-2.

FIGURE A-2
NUTAT ION
ANGLES 3
A 3
2\
ECLIPTIC
f OF pare
Ya
(2
V.
W
10
0P
ieﬂ" e pp‘fé
t R
" Tave BaUAT
A Xa
Xe




The [ﬁ] matrix above is an approximation, valid to about 0.5 x
108, The exact transformation is given in reference 9, pp 67-68.
Complete discussions of nutation may be found in references 14 and

15.

The nutation terms are recomputed if needed and if the prior

values are more than 0.1 day old.

1.3 LIBRA: Libration
A

A A
The transformation from the moon-fixed axis Xm Ym ZMm to

A A A
the Xg Vg 2 axes, pictured in Figure A-3, is given by [i]:

. Ly iz Lfi
L] = Lz lzz Ya3

Ly l32 ,535’_

where the i's are given in terms of the three angles.ﬂ;/l i:

/ o
cos 2 cos A -~ sinvid ' siwAd cos?

i
£z
Liz = SINL SWZ

Lz1 = SN cosA + casd SWA cosi

b

o5 RSINA - sing)’ cosA cas i

/22 = —SM/JL'S//VZL + cos/ cos/d cosz

L2z = = cosn’ sy s

L31 = siwA SINZ
b2 = 054 sz
V13- cost



FIGURE A-3 LIBRATION ANGLES

/—Moa/v.’s TRUE EQUATOR

v
O

S EARTHS TRUE EQUATOR
OF DATE

N

Xe = ISCENDING NODE OF MOONS
vz vEenaL | L'\ TRUE EQUATOR ON ECLIPTIC
[&4},4/0)( OF /45(‘5/1/1)/”6 NODE [OF M[ﬂA/I’ £,

PRATE EQUATOR ON E4RTYS ThovE Ec;?a::’idz

Right Ascension of Ascending Node of Moon's Trué Equator

/
ZA
A Anomaly from Ascending Node of Moon's True Equator on the
Earth's True Equator to the Moon's Axis Xy -

N,
]

~ Inclination of Moon's True Equator to Farth's True Equater




I Ll
The angles.ll 3 A gy . are obtained from

SNL = =SN(LL + T+ I sw(I+P) esci -w<n'rgo

A = d+d~-2 +7-a o< N < 360°
o5 t = cos (I+P) cos e + W ée SN(Trp) cas(a +ar TY)
0°< 7 < p°
where
7= /7°321"
SINA= =SV (A1 T+t ¥) ose? SN Eg 0°< A< 360°

CosA= - 05 (A +T+IY) cosn’— sin(a +G » TH) Wl cascs

= oo [-0i0702777 SING + O'0/02777 SIN(G ¥ 2 )
~Or0030555F5N (29 + 200)

- o . ’ \
U= -a%33335m g + £oss 3558 SING + O.005 SN 200
= - 00297222 cosqg + 0.0/@2777 cos (g + 2e)
- A 00305555 Cos(2g r200)

and
9: Z/g’?j-4ﬁ/3 ¥ /3¢0ﬁ64¢42 (d/’ 9/5—0)
G’= 358°009067 + 029856005 (A - ds)

= 1962745652 + OF /643586 (A-ds2)
€e = &g v J2



The quantities éég,g?Z;ZFOZ df,.ﬁL are obtained from the subrcutine
EXPR., the quantity CZ%—éév) is obtained from the subroutine DATE.
The libration formulas are taken from reference 13, and may be
found also in references 9 and 11.
The libration matrix is recomputed when needed, except that
the prior values are used if they were calculated less than .01l
hours previously.

1.4 GCAMMAT:s Greenwich Hour Angle of the True Vernal Equinox

The subroutine GAMMAT computes the rotation matrix ‘:Xj that
A A A A A A

_transforms a vector from the X Y4 ZG system to the Xe Ye ZFe

system. (see section VI-2 for definitions of the two coordinate

systems)

cos & -=swtr O
[(]= |swb  cost O
2, % /

where X—'—' l)lm + 5‘0(— degrees

Yo = |700°075549260 » O0°78564734960 A2
r 29015 x 6 (A5)*+ 0291780 7462206 ¢

di= 1P [d-dis)  (no dimensions)

t' = [boo(t-tarHes) + bot v+ SEC]

-{ -‘[P'[ 3600 (t -t 4 + HeS) + bo HAMN ~fé‘E¢’J } 86400
600

MopuLo 360




We = O 00417807462
(1+ &21x/677 d47)

Aeqrees),,.

and T = 45190 (oS €4
TPK) = integral port of (x)

The inputs J_¢/ éq are obtained from EXPR, and the inputs
(/-—z/)v) , (f- tl,) are obtained from DATE. The values for
HRS, HMIN and SEC are launch date inputs to MINIVAR.

The entire subroutine is programmed in double precision in
order to avoid ioss of accuracy in 1;1 (because of the mod 360°)
and in t' (because of subtraction of large, nea;ly equal numbers).

The expression for ” is given in references 9 and 11,

1.6 GENMAT: General Purpose Orthogonal Transformation

The transformations [b] ’ [DR&] and [S] defined in Section VI-3

all have the same form:

-—-3/,1//\5 -SiN B cosAé o5 Py 25 g
4] - oSNy — s swds  Coasde swAs
0 cos W #y




where '46 and 443 are geodetic longitude and latitude of the sub-
vehicle point or of the observation station.

For [bR&] » the right ascension,ﬁz bf the vehicle or station
replaces ‘Aé ,» and the declination 4é5 replaces &éﬁ .

For [S] , the lunar longitude .AA4 of the vehicle repiaces,ﬁg
and lunar latitude ﬂ&4 replaces dds .

The above transformations may be obtained by inspection of
Figures A-1, A-2, and A-3.
2.0 Subsidiary Subroutines

2.1 DATEs Subroutine for time quantities

The subroutine DATE produces the time parameters for use in
other subroutines. The inputs are calender date of launch and time
since launch. The output quantities are 7 , 77, A7 and J-dbp:
The program is purely prpcedural. It {s limited to launch dates
between 1960 and 1970.

NYEARP = year of launch

DAYS = day of year at which launch occurs. (exsmple
DAYS = 31 for launch on 895 Jan 31)

number of hours fully expired from beginning of

HRS -
day of launch to time of launch.
HMIN = number of minutes fully expired from beginning
of hour of launch to time of launch
SEC Z number of seconds and fractional parts of a second

expired from beginning of minute of launch to
time of launch

hours and fractions thereof from launch time to
present time of trajectory calculation.

-ty




Procedure:
1. Calculate I: (I) = NYEARP - 1959

2. Lookup YR(I) and YR (I+1) from Table:s

~~
L]

) YR(I)

'I

3651
4017
4382
4743
5112
5478
5843
6208
6573
6939
7304

3. Calculate Output Quantities TB ’d__c]”J T, AT
7B = YR(IT+1)/36525 o ﬁéme.ws/aﬂj)
A-dp = YR (1) 7 DAYS=1 T HRS[2q + MWN/jgq0

+ SEc/pbavo + (P-20)/29 (o dimernsions)
T = (d-do)/3es25 (10 dimersions)

AT= 7=7p 10 dirensions

= OOV WN ™

[y

These outputs are recalculated as demanded by other subroutines.
2.2 EXPRi_ long e sjons for & &L . &:

This subroutine takes in T and (#/~4%) from the subroutine DATE
and puts out nutation in longitude 3—¢, nutation in obllqdity /?,
mean obliquity 5Q , mean longitude of descending node of moon's

equator on ecliptic 4L and mean longitude of moon & , for we in [ﬁ]’



[ﬁ] and [ﬁl The entire subroutine is repeated upon demand by other

subroutines.

2304457674 — Q170376 T - OBBEEXIGET *

» O3 x/076T 3

d€ +de  degrees

* 0255833 %06  cos L — Ol 25 %16 o5 22
101530555353 COS2L + 0761111 x10 P25 (3L ~7)
—0225x 1075 oS (LrTY) - O 194444 X /0" Stos (20— 1)
- 02833316 %205 (277- 1)

+ 024444 x 5% cos 2& + OEx 505 (22~ )

fczghzeﬁfxﬁé‘ﬁbar(3&(—779'-kaiﬁﬁfx9@7§25(27¥717
- 08233 X474 cos(d-7 % L) + O 833316~ baps(a-77 1)
+0°553n/0™ 6 208 (3A-2L + 77") 4 O%5555 316 ‘em(?z—ﬂ_a_)

12°/127902 - OF 0529535222 (d-dsa) + & 20 %5375 2 T~
rOr208/ X /0727 + 0°2x /55T 3

64722545167 + 17217639652 68(d-d) - QoliZ/S 530 T
—O A X ST R + O/ f0 T3

AV + dY /gfe‘e;
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~[0797895611 X105 + 47222 %05 7] sm1

=

4
+ O°5B05SOX/TF SN 2L — OZ35333X 10 Fsiv 2/
+ O°3s2xs67 SIN(L-TT) - 0713888 x ™ s/m(3L-T)
*O'58333x/6 SSN(L+T) + 00333315 S SIN (2L —-1)
+ OL17658 X0 SWZTEL) + O°11111 X675z - 277"

A Y= —0r 56066 %10 SN (28 + 0946688x 10 0 (2-77)
s ’B3333x 08 Sn2(a-T) - 0.%Ga944 x/é’f’w/zz'-.a.)
=0°7222 X035 BA-T) + O241666X 055 d-21+7")
# 0030555 XSSV + T'") + 071466 6x 1575 S0 2(d - 1)
#0666 x 0 SIN(A =T '+-21) + O sbst6 x 105w - 7<5)
~ /3668 X W SIN(Z A=2L4T") = OF 111706 St (3472 1 )

where //’) /4/’ VA are obtained from

N
N

282508053028 + O°4 70664 %6~ (A -ctlss)

+ O G55ZEXJp™ T OF 4575 i T 2
+ D73 xpp 5T 3

~

e~

208" E4295L77 + £11/4 040803 (A- //&f)- O 0/0374 7~
~0010393T % - p%rzxn T3

L= 2807 0612/00§ + O°FE56473354 (dclr)
 rots02 o 3T v Lts02x T 2




These expressions are taken from references 9 and 13;
complete discussion of them 1is given in reference 11 under the explana-

tion of the ephemeris for the sun, and in reference 12,

3.0 Subroutines for Transforming Initial Condjtions and for Trans-
forming Oblateness Attractions

3.1 XFORM: Transformation of Initial Conditions

This subroutine calls upon all the previous subroutines &g needed
to convert vehicle initial position and velocity into the base date
system of trajectory calculation. Initial conditions consist of
three position coordinates and three velocity components. The
velocity need not be specified in the same type of coordinates as
position.

Table A-I gives in the left column the various forms that initial
position or velocity information may take, and in the right column
the calculation required to transfer it to the base dates system.

It has been assumed in the table that [AJ and [ﬁ] are negligible
in a single precision program. It may be noted that L{’] ¢ [We-“."l
where

[bdé]:antisymmetric matrix corresponding to Eje)<

. o -1
= e -/ o 0 in the ‘X\,” ., &, basis
o © 0

and 502 ijs from subroutine GAMMAT,

Also,
Y
C= Qel(l- E s &s)

1
1
1
1
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where Ze (earth radius) and Eleeccentricity) are input to the
program as ERAD and EPSSQ.

The initial position may be input in kilometers (KM) or earth
radii (ER) for distances and degrees (DG) for angles. The initial
velocity may be input in kilometers per second (K/S) or earth radii
per hour (ER/HR). Since the trajectory calculation is done in earth
radii and earth radii per hodgr, conversion from KM snd K/S to ER and
ER/HR is performed. It is performed in subroutine INPUT, which pre-
cedes subroutine XFORM.

3.2 OBLATE: Calculation of Oblateness Attractions
3.2.1 Earth Oblateness Attraction

The subroutine OBLATE transforms the vehicle position
vectoré%c relative to the earth's center into the true earth system
XE ){5 ZE « The oblateness attraction given in equations 6 and 7
of Section IV is then calculated using the transformed values onZZ?.
The resultant attraction vector is then expressed in the base date

system. The formulas employed are, in effect,

(B)s = [AVIf 6(22) B + ¢ (22) 22}

wnere ~1 A '}? ] b(22) ,
[AZ7‘547 g o ZE= £ an
C’(Z—g) are given in equation 7 with Z& for 2 and A% for r.

The vector<?22?is the earth oblateness attraction, due to the
nutating, precessing earth, expressed in the base date system. It

is used in place of Fi of equation 6 and is equal to ;;} if preces-

-8ion and~nutation are ignored.




3.2.2 Lunar Oblateness Attraction

Circumlunar trajectories are strongly influenced in the
neighborhood of the moon by the lunar oblateness mass. Acceleration

terms corresponding to lunar oblateness attraction were added as F4

to equation 1:
[ L0 I IRa]Z 49000 kM. Otherwise
4 ~

—— ey (i) _2)

L:" b’lﬂ ZKM LVMJB /\)Mj'f M L-VA;']B (\” )

where

r's oss7 30 ki’ -sec?)
= - Rme (kW) o
_ T 'j_? o 0 33 y X.Aﬂzs‘ /K?*w@%ﬁ)
By = LA |2 00 | LI ] (s
O 0 -9.2

The vectorﬁézzis vehicle position relative to earth in the base
date system, obtained from the trajectory calculation. The vector
E;; is moon position relative to the earth, obtained from core
storage as XME, YME, ZME in earth radii. 1In phase II of the orbit
determination program jizzrnay be vehicle position relative to a
referency body (¢) other than earth. In that case the equation for

— —— = — —_—
pM 1s A= Arc 7 /PC‘E —/PME . In either case the lunar
oblateness term is appreciable only if /727 is less than about 40,000 KM,

The previous value for[jiakis used if it was computed not more

than 840 sec, prior to demand.




—— 2
The dimensions of f; as shown above are KM/SEC . They are

converted to ER/HR2 before addition to the other perturbation terms.

The derivation of the equations for /A7 are given in Appendix B.

4.0 List of Inputs and Outputs for Subroutines

Subroutine
PREC:

NUTA:

LIBRA:
GAMMAT s

GENMAT As 5
GENMAT 45)5é5
GENMAT AMOé&,
DATE

EXPR
XFORM

OBLATE:s

-

Inputs
7z, A7

oY JE, £q
J?g‘ﬁéléblczfnv

A -ds2)

HRS, HMIN, SEC

31{6@,6%¢éﬁ,¢—¢d

ﬂs,d%
AE,¢E
A, B

NYEARP, DAYS, HRS,
HMIN, SEC

7 (- d)

d%/zfz

e Je, Re, Vie, Ve, Ve
V, It,Ae, Ag, #5, hs
“%‘40*%/571@;4%
Xe, Ve, 22, Xe, Ve, ZE
X, Yaq,2ar, Ko Vi 2

Qutputs

[Al
[N
[leiﬁd/o7€bf?:“7'

[/
[G]
[D, RA]

[s]
75,7, AT -da)

2@%4&% Ep, L &
5 %

MW, Par, Ko, Vo Vgm, Veun

Vi, b Am

] (R[] 12T

A, 7

ZZQA&ZZZJM?E?/§§ZQ.2§ZE Fy

A-19



APPENDIX B
DERIVATIONS AND ALTERNATE SUBROUTINES

1.0 D rivation of Precassion Transformations to Var 1
Bagse Date

The standard form of the precession matrix is a set of elements
dé/" (X} that are functions of the time T in Julian centuries of
36525 days from a standard time, 090 January 1, 1950, to the present
epoch. This transformation[k@j]takas a vector from the present-
time system to the January 1; 1950 system, i.e., through the small
angle that the earth has precessed in the time T.

It is desired to refer vectors to some recent basa date (say

h ' .
0.0 January 0 of year subsequent to launch) rather than the 1930 date.

Let
' h
25 = tige in Julian centuries from 0.0 January 1, 1950 to
-0 January 0, of year after launch.
A7 = time in Julian centuries from OhO January 0, of year

after launch, to the present (trajectory) time.

r= /g + 4d7 - time in Julian centuries from oMo January 1,1956
to trajectory time.

‘With the above notation, the desired transformation from the present
system to the new base date is the prcduct of [2(727, nhich trans-
forms from the present date system to the 1950 date system, and

-/
127(f[] which goes from the 1950 system to bhe base date system.
Thus

TN

[a(5]) [atr]
k(] [a(msar]

[ata7)]

i



Since dt'jl(@fdd is a polynomial of thiid degree in (73 f’dd it ‘

is a simple matter to write it as a sums

lal7z+a7)] = [a(@)] + [4a(aT, 7))

So that

[a(ar)] = [a(s)] {[a @]+ [4a(Ts,47)]]
=[]+ [a(T8)] [4a (75, a7)]

= / OO0 A, (A2, Az Ada,, 4a4,L VAR

|:0 / 0] t ldie G2z A3zt daz; bz daz3

lo o/ A3 A3 431 15 |day dag. da
TB)AT

! '
where the elements le areﬁl‘-/ (7}) ,» the standard forms of the pre-

cession transformation elements evaluated at TB.

]
The AazJ are obtained from their definition as follows:

a7z rd7) & aif(B) » daij (47, 73)

daij (AT, 78) = auf (3+47) — 44 (78)
= Bl + by (BedT) » Q%) (BraT) s dif (BrdT)
| ‘ﬁpi:j' - ﬂltj 73 —a’ 7z - (134}'775’3
= ﬂ/t'jdf + a¥j27BAT+ AT
+ &% 3BTy 373474 47 3)

— ’.n ' o
- d‘JZ‘/ + ﬂﬁjﬁ'-f)-’dga/’f}

B-2




where ZZ é“dT‘/ Z;é /f272’d7‘+d7'2)/ and

L€ (Y7 75472 -r—édT?)

In

A ot t i [N ] L]
;)= ai v alix + AYur v x>

The expanded forms for Qi; andlﬁajj are given in Appendix A-l.1,
PREC. |

2.0 Derivation of Triaxial Lunar Oblateness Terms in Base Date System

Let /4, be vehicle position relative to moon's center
di be element of lunar mass
g
' be position of 4&4 relative to moon's center
(’be universal gravitation constant
A1 be total mass of moon

Then

Pa1=1unar potential

= - J?y ::4—:;
%C. yVFiy-r/
_ ./ .—M"—.- 2 '—%‘
= - L~ 2F - r
rzlcaaqﬁho[? ,%%g?ﬂ ‘*‘£%7z

> 3

i

_ | . \
= 3 @L_ A:-A- _ g 3

Tt LR -y F ()T M?)]

® S o4 (S - 3 [E e )]
& _ rA A

L+ Lt R [ fo 2 L= 375 di] R
2 _ 4 / —- - =
= %f" gL P [R) - om



where [1%%] , the lunar oblateness dyadic is independent of vehicle
position and may be written in terms of lunar constants in a principal

lunar axis coordinate system ast

1 Z4-B-C o o
Wil = — o 28-A-C o
o o 2c-m-B
whsre
A ’-’ﬁodm (Y3, 22) = principal moment of inertia on ;M.
B = n(/M (x?+ z? = principal moment of inertia on 9,» .

A
c =4(/M (;/z/_ XZ) = principal moment of inertia on 2,
The (attractive) force on the vehicle due to the oblateness
. . "
portion of the lunar potential is FQ .

—

A= - V{“Z‘IJ’/A?A;;E';‘[%]‘K—’;?

L fv@?) B (] ¢ v IR LVl B}

L

Now

V(a5 = -5 R Vo = ~5 R B = R

Va2 O

v/ [Val- PM} V{FV 0o ] o)

= V[V, K+ Yoo ed ¢ Vo3 28]
= Z%/)Cv,)’(\m +2.sz%4% f'Zlé3ZM§'M
= 2[Vm] e Ra




where 4%4 wags written in the cartesian system in whichzyéiy is

diagonal. Thus ;57 becomec
— /] =S5~ 5 . — / —_—
Fa = =35 Fin R[] - B + L[] B

where Zi; is assumed to be written in the same base system as[77
Since 2%4 is the result of the trajectory calculation, it will be
available in the base date X&’ X% iﬂg system, It is therefore
necessary to write [W;j in that system. This may be done by the
similarity transformation composed of precession, nutation and

librations

[, = AIPIEIT ], (03 ]

/
The values of d’ A,B,C employed are those giben in reference
9, p.79:

¥'e 0667/ x5 ks ~sec™
A = 088746 x0¥ KG-+m*

B = a55’7é4)</f¢ KG = Kkm*
C = 28880/ x20% kG- k>

3.0 Alternate Subroutine DATE

The following equations will accept a calendar launch date and
time and produce the required ﬁ§,73 477_and6ﬁé4§ for launch dates
from A.D.1950 to 2000. The inputs and outputs are identical to those
described under DATE, Appendix A-2.2 except that instead of DAYS,
the following two quantities are input:

DL = day of month
Me = sonth of year.



For example, launch on January 30, 1963 at 2:30 P.M. would be input
as NYEARP 1963.0 , M¢=1.0, ¢ = 30,0, HRS = 14.0, HMIN = 30.0
(1) b - A4¢ = integral number of days from 0.0 of launch date to

base date, counting launch day but not base day.
= 35 + AA2u-1) - TPB) - T

where

K= (NYEARP — /748)/4,af 0,0/

B= 30608 Mt - 32.408

) 1 F ~TP)] < 80/ ank ML3
O Orberalise

J= {/P(/g/t/?é) F Mg £2,5

Q 1721{ -
(2) lg -ty = time from launch to base date, in hours

= z4.0(ds-de) - HRS — LI ~ SEC
60 F600

)

(3)  gr= (F-pi)— (tz-tg)
(24.0) (365250

= time from base date to time of trajectory in

Julian centuries of 36525 days.

@ Tk 50 WrERRD-1949) + ZPb)
36525
= Julian centuries from OEO Jan 1, 1950 to base date
(5)

7= Ta+ 47
) (F-dp) 36525:0(7)




APPENDIX C
EQUATIONS FOR PROPAGATION CORRECTION
1.0 C on o R‘ Bendin
Referring to Figure C-1, consider a ray entering at angle‘p an
infinitesimal layer of thickness 449 « Since the curvature of the
ray is equal to the component of the refractive gradient normal to

the ray, divided by the index of refraction, it follows that:

/ L4
— = . - o5 (1)
K n 2/: ’6
where K is the radius of curvature.

The length of the ray path in the layer is

K Ay= csed 4‘9 (2)

which, combined with (1), gives

4/4V, > ;ég Cﬂf'/éyfb (3)

’ Since é/'/'s of all elementary layers are directly additive,

-
as shown in Figure C-1, by considering ;// due to bending between
points Q and R, it follows that the contribution to the total bending

Y , due to a layer bounded by the heights é; and fz is

o
(rfla _{"%’5 cffJ),/a ()

If the ray departs from the earth's surface with the elevation

angle of @0 Snell's Law for spherical stratification states:

(@]
I
Vet



7?0 61"0.05'902 Wijﬂ: constant (5)
where | ‘
)70': surface index of refraction,
A - Earth's radius
P Sa+h
/{7 = height above earth,
N = $ndex of refraction at the specified height,

From (5)

05 3= (P%p) cos &, = ("75‘5/21,0) cos B4
W= (Noahp)[(npfna) cos 2] 1z
= (nigi/ n/o)[:( et p))*- cos v 72 (1)
‘ 0{ = z -//
ot B=[Unpfna)*- cososl #epse
by cos] "aro )

where n, andﬂ are the values of these parameters at some

(6)

(8)

height h.
Equation (8) can be substituted in (4) to give the general

equation for refractive bending

fe
fje= [ - 4 2 ,
’ d/m @ (ﬁﬂyt,a,)‘-cw’;éﬂ/z d/lo
fz | ()

LM@*‘ / a0
07 [retyp))Ecosgy

-
-




It is assumed that a) dn/dp = -k = constant, b) g - F<< £,

and ¢) index of refraction n is very nearly equal to unity. On the

basis of these assumptions

k= (N - Ne) x 10 Y “N) xw0* (10)
plz = tOJ e- PJ
where N:(n—/)/ﬁé

O /ni 0)= {1 twi- w500+ (P-2)/ET}
(hp/‘;?j oY 2 1o+ 2(F- @f)(/_g,g)/e

and, substituting in (9)

@Zz 4 005@ f [J/NZﬂJ+ Z(IO- ﬂ)(/ tﬂ)/ﬁ] a/’o
(12)

_lefjcwﬂ {[5,MZE/+Z(&~8)(/ é/&}/pj 5”"(?}

From (8) (9), and (11)

(11)

WG = (7 B /oy 0, 0 P/ )% cesi 6]

i L R AL /Ay e

)
I
w



TANGENT AT &

[etrsdy’ v - TANGENT AT R

CENTER OF RAY
CURVATURE

EARTH CENTER

Figure C-1 Geometry of Bending Through an Infinitesimal Layer

F-(xt8)=F-(8+7)
< TANGENT AT P

CHORD BETWEEBN P ¢ P

EARTH CENTER
Figure C-2 Geometry of Bending Through a Refractive Layer




Combining with (12)

(rlz ('057' ({7"‘/6/2 tan, )

’ - }ZPJ (14)
From (8), (10), and (11)
kb = 2(A;-Ne) 15 a8,
-Ef e - /Zec,v,é;/ o

= 2(Nj=Ne) o™ peets)

&”"2-/6& z;/n..z'ng
which, substituted in (14), gives the desired expression for A;,A:
. 5 . =6
J}k = (AQ«—A&);O
“'}:( Ton £J'+ 'ﬁ?nﬁk)
(16)
= N —Ne |
500 (Fam g; +74n _[Q’;) il lirdadharis

where N is expressed in N units, (n - 1) x 10,

Total bending through the atmosphere is simply the sum of

individual contributions,

MmMe (17)
d’ - (/l/c~/ /‘/) -
(mr) = LZ/ 500 /fdnﬂt 1+l ‘9/)



Itkis frequently convenient to measure the refractive error in
terms of the angle subtended from the earth's center. This quantity,
denoted by & , can be readily obtained from Figure C-2.

& = f~(9~ﬁ) (18)

The quantity (6 - PB) may be found in the following manner.
From Snell's law,

7/0 CosB=r CosB

cosfB= cov[o - (6-8)]
=L+ We-W)r 4] cas &

Cos® = cla\s[,‘gf'(é’-—,.@J (19b)
=[7-Ws-Mrr 4] cos 5

Expansion of (19) and the application of small angle approxima-

(19a)

tions results in

{9 -,59-- ({/- [/—Z /Aé-ﬂ/}/'z?"é cor s éjz’ fan & (20a)
= {[/ 2 (Ne-N)1i6 cor 28] %, /f 7a4n8  (s0p)

At heights above the troposphere for rays departing tangentially,
or for angles of elevation greater than 100 milliradians at any

height, © and B are very nearly equal and (20) reduces to:

-8 (Mo=N) 10 € cot & (21)
Y (N ~Mo8 cot &




2.0 Computation of Errors in Principal Measurements

2.1 Elevation Angle Error

In most practical applications the quantity of greatest interest
i{s the elevation angle error. This quantity,denoted by Ci-can be

obtained from Figure C-2 by the use of the law of sines.

a Cos & = FPcos @

] (22)

4 cos(6-3) = Peasl(6+ €)=

From (22)
tan = SINE tanb + (/- cas€E)
SINE+ coj & tan @ — 7a1E
or J= Etané r éz/z,
Z 7 Fanl - 146,

(23)

Omitting éjéin the numerator of (23) results in an error of
about five per cent in the troposphere for a tangentially departing
ray. At higher angles of elevation or greater heights, this error
becomes negligible.

It should be noted that whereas 3’ and £, due to the passage
of the ray through various layers, are directly additive, %) 's are
not. Thus, to evaluate ér at ionospheric heights or above, it is
first necessary to combine the tropospheric and the ionospheric E's
or ér's. However, it turns out that in nearly all practical cases

above the tropOSphere%AL & and&c<(tan @ - tan 00)3; eonsequently



the omission of 5%AL in the numerator and & 1in the denominator
usually results in less than five percent error at F region heights.,
Equation (23) may thus be approximated by
J= Etand
tané& -t4+76»
It is, therefore, usually justifiable to add directly the

tropospheric and ionospheric J 's to obtain the total elevation
angle error, ’
At astronomical distances all three quantities (r ,é anda—)

become numerically equal.

2.2 Retardation of the Sjgnal Passing Through a Region of a
Constant Refractive Gradient

Signal retardation é/7”caused by a layer of thickness 442

(Figure C-1) is given by

7= /‘;fl: B c) a;c/g;;{o (24)
= (Y% - 1) eselapy = Mx/a’é"cfcﬂdp

where ¢ and v are signal velocities in free space and the medium,
respectively.

The range error is given by

P oA
7 7 IWE




In evaluating df , from equation 16,

/ (/n@;’dgfg = (02 _ N, A/e)x/ﬂ

7an S 7 "7‘4/7/3 5 (Fan 3 # fdﬂﬂé) (26)

(l

In other words, the value of tge integral for the case of a con-
stant radial gradient was found to be very nearly equal to the
one that would have been obtained had the average value of the
denominator of the integrand been taken as a constant. The integral
of (23) can Be treated in a similar manner. Furthermore, at low
angles sine and tangent are nearly the same and at high angles the
rate of change of sine is so slow that such procedure is certainly
justifiable.
Thus (25) is evaluated by setting
%
AC-/Q=/ b, - —2xl /Nd
) S/ ﬂ /0 5//1/3 * S/Nﬁg P
J

From (10)

Lv / NS

2

f9
75(i44g69 = //’ /F} 4 (}9 - /9;) /%é?

= /1(/'(/0,2_ 6)— ZL[A/J' A/e)(,%“ ;%)
= Zl'//‘/jf/‘/é) (ﬂ-@’)



Substituting in (2%)

ar = We=N) (Pe-P)xi® (am)
* TSINBt SING,

To compute retardation for a double passage through the layer,

(27) must be doubled. The resulting final formula forr is:

m . .
Ar=2; 5 Wi tNl(hi-hi) .0 Gy
.y SINBi-1 + SiNG.

In the ionosphere the formula for range propagation error is

Cfa\e m -
dr= 1+ ( '%fé)" = Al t Nl Chi=hi-) (29)
/ﬂé L=/ SIVNEBL-1 + SING [

‘where f1 = up frequency
P = down frequency
2.3 Doppler Error
Due to the refractive bending, there will generally be an error
in the measurement of the radial component of the target velocity.
The equation describing this cén readily be derived with the aid of
Figure C-2.

Let

£
"

station location vector in inertial coordinates

position vector from earth's center to satellite in
inertial coordinates

2]

position vector from station to satellite in inertial
coordinates

positioh vector from station to satellité in topocentric
local moving coordinates

£
2

earth's rotation velocity vector in inertial coordinates




Coordinate Conversion transformation matrix

A =
e/ 7, 7
L v[,ﬁ? Z Unit vectors, inertial coordinate system
‘é'ﬁé 12 - Unit vectors, topocentric moving coordinate system
Therefore

1
¢
lh\
*
T
+
M
~

A N
b lb & e
x
X

.
~

NS ANIEN

A

n B

A ]
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N

1]
N
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I
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N

\
R

x
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o
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]
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I
AN
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+
*i
“+
AN
W
-

/2 xR}
’ t 4 ;
£ xe = + = Aeid + Aoz f' + Aezfe
A = ALy Ays AL,
A21 Aoo ‘A23
A3l Asg Aaj




Here fa;

velocity component along the local range vector

n

/) velocity component normal to the local range vector
dﬁ in a plane determined by the transmitter beam and
the earth's center _

F& = velocity component normal to a plane determined by
the transmitter beam and the earth's center.

From the diagram the measured value of range rate 1is along the
apparent path or along the tangent to the path at the satellite,

V measured = 10:4/' CDS(C)"J-)" @5/"/({"{)
V radial = Fb¢

Therefore the range rate error is

Avr

V radial =V measureq

él«" &COS(&'-J) + %5//1/((""5)

and since (J"CT') is a very small angle
zﬂV?’“ 6r-¢5)f%;
The above quantity is doubled for a roundtrip error.

In the ionosphere, the above correction for range-rate is modified

A4V ﬁ’J[/ +/££)2] (f—d_)/?

3.0 Computatjon of Errors in Secondary Angular Measurements

The elevation angle error, computed in the preceding section,
must be transformed into the coordinate system of the secondary
angular measurements in order to determine the equivalent error in

these systems.




3.1 Coordinate Conversions

To convert from the azimuth angle (f), elevation angle (0)
system to other systems:
From Figure £-3B the following relations hold for the X,Y angles:
sin Y = cos © cos ¢

cos © sin @
- ten x = ¢ctn © sin ¢
sin ©

cos Y sin X

cos Y cos X
also from Figure C-3B the following relations hold for the l,m dir-
ection cosines.

1 -~ cos © sin ¢

® = cos & cos ¢
From Figure C-3B the following relations hold for the hour angle,
declination angles

sin @ sin A+ cos 6 cos @ cos A

sin d

cos d sin h - cos @ sin ¢

cos © cos @ sin/l - sin © cos )

cos d cos h

sin @ —
cos @ sinAx - tan O cos

.. tan h

3.2 The Error Components

A small deviation in the elevation

[+}]

ngle will causce a3 small
deviation in the secondary angles. Then magnitudes can be deter-
mined by simply differentiating the previously determined coordinate
conversion expressions with respect to the elevation angle.

For the X - Y system

]
!

13.



Figure C-3A

x-y and l-m System

Up ‘ Figure G-3B

Hour Angle -
Declination System

SN 8 SINA
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IX = (—:m/of Cset @)= —SING COs*X
2} A— '_

S AKX = O A
aaa— “v ay = %5_

where J 1is the elevation angle error
found in the preceding section.

For the 1 - m system

oL = _siné sing

06
o - — 56 CosPp
06
A4 = oLy Am= om 3
ez o6

For the hour angle - declination system

od _ cos® SWA=SINE (Cosp cas/
o8 cos

Oh . L | _swd cosd SECTE J
oo sech| [oosd smd - TANE 05 2)

sing rosA Cos h
(cos cos@  f swAd- 5//1/ 6 cosA)®




APPENDIX D

AMBIGUITY RESOLUTION IN THE GODDARD
RANGE AND RANGE RATE SYSTEM

The Goddard Range and Range Rate system measures range with a
CW phase measuring system whose output is ambiguous (i.e., the exact
value is uncertain without the use of outside information). The
system allows exact ranging within ambiguous one-way ranges of 11,000,
2750 or 550 miles (depending on the selected range tone) but does
nét contain sufficient information to determine the multiple of the
ambiguous range in which the vehicle lies.

The range ambiguity is resolved by integrating to a value of
time close to the time of the data point, then using a two body
solution to get an estimate (Ry) of the range. The use of the two-
body solution provides a simplified method for determining the
nominal range by bypassing problems with numerical integration
which arise if the exact trajectory computation were employed.

The unambiguous range, Ra, is dependent on the lowest range,

fL, used and is given by

Ka = C:Aé#l (1)
The data from the R/ﬁ system include a control digit which
specifies the lowest range tone used to measure the range, either
8, 32, or 160 cycles per second. The correct (unambiguous) round
trip propagation time, TRT, excluding the effects of -transponder

delay and propagation is:
, (2)
Ter =Tp + | Kz)
A
Ka



where Tp is the measured time interval between corresponding zero
crossings of the transmitted and received signal (R in the data
block) and Ta is the period of the lowest range tones
: /
Z= Ve ¢3)
The brackets,[ ] , in Equation -2 mean the integer portion of the

quotient RI/Ra. The true range, Rc, is then given by

e = % Ter (4)

In order to insure that small errors in R1 do not cause the
wrong number of periods of the lowest range tone to be added to the
{ndicated range a reasonableness check is made:

Zr-F(§5Ta) £ Tor -5 €R 2 (578) )

If this inequality is not satisfied an appropriate change in the

integer R1/Ra is made.




APPENDIX E

INCLUSION OF BIAS ERRORS

A method for including the effects of bias errors in the instru-
mentation of the covariance matrix describing vehicle position and
veiocity uncertainty is presently being considered. The method does
not assume that the bias is considered as an additional state; rather,
it considers the statistical aspects only., When this work is com-

pleted, it will be documented in this appendix.



APPENDIX F
TREATMENT OF THE PLANETARY COORDINATES

A tape of solar, lunar, and planetary coordinates based on
Naval Observatory data is employed. It is in the form of overlappinag
two-year files, i.e., 1963-64, 1964-65, etc., with the coordinates
of the various bodies referred to the mean equinox and equator of
the middle of the two year file. The subroutine EPHEM searches the
tape and reads in the proper file and record, keeping 30 days of
tables in core storage at a time.

The first record on each file consists of the year in fixed
decimal. Each of the subsequent records contain the following
information:

i Word 1 : Initial time of record in hours from base time.
Then 12 consecutive 15 word blocks containing the equatorial

coordinates of:

XSE YSE ZSE Sun wrt Earth
XJS YJS Z2JS Jupiter wrt Sun
XAS YAS ZAS Mars wrt Sun
XVS YVS ZVS Venus wrt Sun

Then three-30 word blocks containing:

XME YME ZME Moon wrt Earth
The Moon coordinates are stored in half-day intervals (0.0h, l?h.O ET),
and the unit of distance is the radius of the Farth. All other tables

are in daily intervals (Oh.E.T.), the unit of distance being the AU,



At present, an ephemeris tape is available for 1961-1970, written

in nine, two-year files. The files overlap one year.
The astronomical tables are stored in core in 24 hour intervals
for the Sun and the planets and 12 hour jntervals for the Moon.
There are always 30 days of tables available arranged in such a
way that the value of time for which the interpolation takes place
15 not near either end of the table. 1In Earth reference, the se-
quence of coordinates in the tables, all referred to the Earth as
origin, 1s as followss
In location ®"Table" there is the time of the first entry
from the initial time. In “Table 1-30" there are 30 x coordinates
of the Sun.
In"Table 31" to “Table 60", the y coordinates of the Sun.
In "Table 61" to ”Tablé 90", z coordinates of the Sun.
In “Table 91" to "Table 180", the x, y and z coordinates of Jupite
In “Table 181" to "Table 270", the x, y, z coordinates of Mars.
In "Table 271" to "Table 360%, the x, y, z coordinates of Venus.
In*"Table 361" to "Table 420", the x coordinates of the Moon.
In "Table 421" to “"Table 480", the y coordinates of the Moon

and in "Table 481" to "Table 540", z coordinates of the Moon.




|

CONSTANT

CONJR

CONAR

CONKR

HMU

ERAD

EPSSQ

AMERAD

APPENDIX G

CONSTANTS USED IN PROGRAM

EQUIVALENCE

3/2 yZe J20

- M I30

‘l%.ﬁ(J4o
yra

20

30

40
Re

AL VENUS
AL MARS
A JUPITER

REPRESENTS

Second harmonic of
earth's potential

third harmonic of
earth's potential

fourth harmonic of
earth's potential

Gravitational para-
meter times earth's

mass
not used directly
not used directly
not used directly

earth's equatorial
radius

ellipticity of
earth, squared

astronomical unit

degrees to radian
conversion

Velocity of light

GMsynN

GMmooN

GMyENUS

GMyARS

GM supPITER

VALUE UNITS

.32321941 x 10~! ER3/HR?

-4
.45791657 x 107 (ER)3/

(HR)
.1343886 (ER)3/

(HR)
19.9094165 (ERP/HR?

1082.3 x 1076 -
-2.3 x 10-6 -
-1.8 x 10-6 -

6.378165 x 10*3 Kkm

.6693422 x 10°2 -

23455 E.R.
o

57.2957795131 ./rad

299792.5 KM/S

.33295729 x 10°
.1229483 x 1071
.8147689

.10782

.317887 x 10%3






APPENDIX H
DATA HANDLING ROUTINES

1.0 Introduction

Three separate methods are available for the editing and com-
bining of data prior to entering the main program. This section dis-
cusses these three modes and gives program details involved. The
major problems encountered here are: 1. editing of raw R/é system
datas; 2. sorting, merging, and ordering. Any other program can be
used if its output has data time ordered and in the proper format.

2.0 Operational Modes

2.1 Preferred Mode

2.1.1 Form of Data

Eéé_ - Thirty days of raw R/é system data is available.
The data are in sections, each section corresponding to a pass of
the satellite over a station. The sections are not necessary
time ordered.

Minitrack - The A and m direction cosine data are avail-
able on one tape, the data being in sections corresponding to a
pass of the satellite over a station, but not being necessarily time
ordered. The data have already passed through the Goddard CDC160A
computer for editing, WWV correction, etc.
2.1.2 Format

See Appendices I and J for format of the data as they are

made available.



2.1.3 Data Flow
The following diagram illustrates the data flow in this mode.
2.1.4 Required Programs |
2.1.4,1 SORT 1
2.1.4.1.1 Purpose
This routine does a preliminary editing of the raw
R & R data (available in the format described in 2.1.1 and 2.1.2
sbbve), and places the edited data on a single tape which is used
by the subsequent IBSYS SORT program.
2.1.4.1.2 Requirements
a. Each tape has up to 3 R & R statiors. data
b. Each tape has an end of file at the end of the data
c. A set of data consists of two records, each 50

characters long

FORMAT of line 1

XXXXXQIRRRRRRRRQzﬂRRRRRR.DDDHHMMSSQ3RRRRRRRRQ4RRRRRRRb
FORMAT of line 2

o 8 & & % 00 sssss o 06 a0 0 0o
YYYYYQsaRRRRRRRQ6RRRRRRR/AAATTC1C2CSC4Q7RRRRRRRRQSRRRRRRRb
TTTAA .
wheret
XXXXX signed (1st digit can be blank if value is positive) 4 digit
number where decimal point is assumed between 3rd and 4th
"X". It defines the X angle.
Q; ' One character quality bit. A space indicates gond dats.

Any non-space character (including zero) indicates bad data.

This quality bit refers to the data immediately following 1it.

1
!




raw R/R data edited f,m data

(one tape, 3 stations) one tape, 12 sta-
tions not time
ordered

| |
SORT1

1 tape ‘

bad formats rejected

data not time ordered

| i |
IBSYS SORT IBSYS SORT
time ordered data time ordered dataj

™ EDIT ni

data merged

converted to standard format
WWV time corrections .

] transponder delay R/R data

i
i
TO MINIVAR




RRRRRRRR 8 digit At of range

ééééééﬁ 7 digit A t' of range rate doppler counter

DDD integral number of days of year measurement was taken

HH integral number of hours of day measurement was taken
(Universal Time)

MM integral number of minutes of hour measurement was taken

SS integral number of seconds of minute measurement was taken

Note: The recorded time is the integral number of seconds correspond-

ing approximately to the first data point. The timing of the follow-

ing data points are discussed in Appendix I.

b space
YYYYY defines Y angle of range antenna (same format as XXXXX) .
SSS
AAA satellite name or ID
TTT
$S
TT Station number (64 is Scottsdale,
AA 26 is Rosman)
C1 1 digit ambiguity and resolution indicator
C2 1 digit recording rate and punch ID
Cj 1 digit S-band or VHF system indicator
C4 1 digit range counter frequency and angular tracking

mode indicator
For a more complete definition of these elements, see Appendix 1I.
2.1.4,1.3 Method
Each data point is read in, the bad formats are re-
jected, and the output format is caused to conform to the following

section on output,




2.1.4,1.4 Data Rejection

a. line identification (*.* or "/") not present

b, 50th character of each line not a space

c. last ﬁ digit of either line is a space

d. any non-numeric information in X,Y,R,é,D,H,M,S,STA,
Cl,C2,C3,C4 data fields

e. STA data do not correspond to any input station
number

2.1.4,1.5 Input

CARD VALUB coL PURPOSE
1 ANAME 2-72 Any ID or other information
. ' desired for printing
2 NN 5 Number of input raw data tapes
(max of 3)
N 10 Number of different input stations
(15TA (1) 13-16 MINIVAR station number
ISTA1(1) 16-20 corresponding R-é station number
. 4 ISTA(2) 21-25 MINIVAR station number
ISTA1(2) 26-30 corresponding R-é station number
ISTA(3) 31-35 MINIVAR station number
kISTA1(3) 36-40 corresponding R-R station number

*Only use as many sets of ISTA-ISTAl as specified by N,
Raw data tapes BS5, B6, B7 (starting at B5). It is not necessary to
mount scratch tapes on unused drives.
2.1.4.1.6 Output
Data written in BCD on B-8 in following format per

record (96 characters)



e e 08 00 - e ® 8 &0 0 ........

DDDHHMMSSXXX.XXRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRYYY.YYRRRRRRRRRRRRRRR

RRRRRRRRRRRRRRRQ}Q5Q,Q4Q5Q6Q7QgC C,C,CaSSS*
*S = ISTA(I)
In addition, a count of the number of points written

is output on A3 at end of run, .
2.1.4.1.7 Subroutines Required
2.1.4.1.7.1 MASK - a FAP subroutine

Purposes Test a required bit for being a space, 2 period, a

slash or a numerical digit.

Usage:

CALL MASK'(BIT, I, IANS, IFLAG)

where
BIT = bit being tested
I1 = 0 should be space
1 should be & mumerical digit
. -1 should be "."
' -2 should be */*
IANS - Used only when I = 13 value of BIT as fixed

point integer is retained in this location
IFLAG 0 - required condition met
1 - conditien mot met
-1 - (only used when I = 1) bit not a number
2.1.4.1.7.2 EOFIX - a FAP 8uUBroutine
Purpose: avoid termination by EXEM when an end of file or
illegal character is encountered in a read statement.

Usaget

Required program sequences




CALL EOFIX (IND)
IF (IND) 1,2,3
2 READ~-~

CALL EXEMR

1 'CALL EXEMR

-3 CALL EXEMR

where

IND O - normal condition

1 - (in address location of word) EOF encountered in READ
-1 - (in address location of word) illegal character en-
countered in READ

The “EXEMR®™ resets EXEM to its normal condition.
2.1.4.2 EDIT
2.1.4.2.1 Purpose
Merge and put in standard format (i.e. format accept-

able to MINIVAR) the data from up to 6 separate types of systems.

2.1.4,2,2 Requirements
| 1. All data are assumed to be time ordered outgide of any 10
points, i.e., the 11th point will not precede the 1lst point in any
consecutive group of 11 poihts. (1f this condition is not met, see
separate write-up for IBM IBSYS SORT routine)

2. Range-Range Rate dataare in format produced by SORTST or SORT.



3, MINITRACK data have the format dllustrated by Appendix.J.
Notet At present, the only systems available are MINITRACK and RANGE-
RATE. Therefore, MERC, DSIFA, DSIFB, and SPARE are dummy subrout ines.
2.1.4.2.3 Method

Ten data points from each system tape specified are
read into core. The lowest point is chosen and written on the master
output tape. A point to replace the written ﬁoint is then read in
from the same system tape that the written point came from. The
lowest point is aéain chosen and the process repeated until all
points have been processed.

2.1.4.2.4 Input

CARD VALUE COL PURPOSE
1 ANAME 2-72 Any ID or other information desired
2 N 1-5 number of differenf systems to be
merged
ITYPE (1) 6-10 system ID
ITYPE (2) 11-15
ITYPE (3) 16-20
ITYPE (4) 21-25
Only speci $vg§ éggy ITYPEﬁgags N calls for.
Iype of System ID Number
MINITRACK 1
MERCURY 2
DSIF A 3
DSIF B 4




Type of System ID Number

RANGE-RANGE RATE , _ 5
SPARE 6
At present only 1 and 5 can be used.
The following input refers to the various systems and must be sequenced

in the same order as ITYPE(I) is assigned.

Minitrack inputs

CARD - VALUE coL ~ PURPOSE
1! NUM 1-5 Number of different MINITRACK statiors:
2! STA(1) 1-6 MINITRACK station name exactly as
it appears on the data
ISTA1(2) 7-11 Corresponding MINIVAR Station number
3 STA(2)
ISTA1(2)

Use as many cards of STA and ISTAl as specified by NUM,

R=-RDOT Inputs

CARD VALUE coL PURPOSE

1" NN 1-5 Number of diff. R-R stations

IYRR 6-10 Year R—l‘i data were taken

TT 11-28‘ Vehicle transponder delay in hours
2% KK 1-5 Minivar station number

Wwv (KK) 6-23 WWV delay for that station in hours
3" KK

wWwV (KK)



Use as many sets of KK, WNV(KK) as specified by NN
Tape assignmentss

MINITRACK - A5

MERCURY - BS

DSIF A - B7

DSIF B -~ Al0

RANGE-RANGE RATE - B8

SPARE -~ B9
Notes A3 or B8 must be mounted with scrafch tapes if the respective
system isn't used,
- 2.1.4.2.5 Output

B6 written in binary. Each record will consist of.

21 words. Data will have following format:

Word 1,2,3 Time in hours, minutes, and seconds respectively

from Jan., 1, 0.0 hr., 1960

Word 4 Station number (MINIVAR input data must correspond
with this)
Word 5 Types of data

Word 6-Word 21 Actual Observations
With regard to words 6-21, the data are packed into
the low order words and trailing words are filled with zeros. The

only exception is for Range-Range Rate data where Words 17-21 have

the following informations




0 good data
Word 17 - quality bit 1 bad data

Word 18 - Co
Word 19 - Cy4
Word 20 - C4
Word 21 - C ‘
This tape is completely in line with MINIVAR requirements
At the end of the run, the number of points written
is output on A3,
2.1.4.2.6 Subroutines Requires
2.1.4.2,6.1 MINIT
Purpose: Read and format MINITRACK observation data for
merging with.the other system types.

Special Features

1. When two data times (an £ direction cosine and an m direction
cosine) from any one station Ball within 0.1 milliseconds of eacﬁ
other, the data will be made into one observation consisting of

L and m direction cosines,

2. If the station name from INPUT does not match the observa-
tion name, the data are rejected.

3. If the observation type is not 2 or 3 (see data format),
the data are rejected.
2.1.4.2.6.,2 RANGE:

Purpose: Read and format R-RDOT observation for merging with

the other system types.



Special Features

1. The raw dataare broken into 9 different measurements.
a) X and Y antenna angles
b) 1st range A t
c) 1st range rate 4 t of doppler count
d) 2nd range 4 t
e) 2nd range rate 4 t of doppler count
f) 3rd range 4 t
g) 3rd range rate 4 t of doppler count
h) 4th range A t
1) 4th range rate At of doppler count

2. The time of the measurement is adjusted for the following
factors:t
a) WWV delay
b) Recording Rate*
¢) Recording delay*
d) Transponder delay

*See Appendix I for details;

3. For range rate 4 t of doppler count, the decimal point is
assumed at the extreme left (before lst digit). For range dt's,
the decimal point is either at the extreme left (before 1st digit)
or between first digit and second digit depending on whether C4
(range counter frequency indicator) is either odd or even, respec-
tively. For an odd C4, the range counter frequency is 100 MCj for

an even C,4, the range counter frequency is 10 MC.




2.1.4.2.6.3 DATGEN

Purposet Break up a double precision time measurement in hous
into integral hours, integral minutes beyond integral hours, and
integral and fractional seconds beyond integral minutes.
2,1.4,2.6.4 EOFIX

Purposes To avoid termination by EXEM because of an end of file.

Program Sequence

CALL EOFIX (IND)
IF (IND) 1,2,1
2 READ ===

CALL EXEMR

1 CALL EXEMR

TIND = O no end of file
= 1 end of file encountered

CALL EXEMR - resets EXEM to normal condition
2.2 Alternate 1

2.2.1 Form of Data

/

D e

/
b4

o}

TS - wrad
ine E%

n
n - 7

(€]

m data (raw) is available on 30 day

o
(%}
o

¢

-

tapes, the data being in sections corresponding to & pass of the
satellite over a station. The data in each section must be time

ordered, but the sections need not be in order.

Minitrack - The £ and m data, already edited, must be put

on cards and mechanically time ordered; then placed back on tape

(or use IBSYS SORT).



2.2.2 Format

See Appendices I and J for formats of the data as they-are

made available.

2.2.3 Data Flow

The following diagram illustrates the data flow in this
mode.

2.2.4 Required Programs

' 2.2.4.1 SPSORT

2.2.4.1.1 Purpose
This routine does 3 preliminary editing of the raw
R & R data (available in the format described in 2.,2,1 and 2.2.2
above) and places the edited data on n tapes (n corresponding to
the number of stations) for use by a later program which time orders
the data from all n stations.
2,2.4.1.2 ' Requirements
8. Successive points from any one station are in perfect
time order.
b. The tape has an end of file at end of data.
c. The data have the format described in 2,1.4.1.2.
2.2.4.1.3 Method
Data points are continuously read from the input
tape. If the data set is from the station being sorted, it is
written out, Otherwise, the data ate rejected. Other reasons for

rejection of data are givcn below.




SPSORT

SORTST

raw R/R data

Edited 1,m data

(one tape, 3 stations) one tape, 12

stations

n tapes, one
tape per sta-

TAPE TO CARD

tion, bad ‘
formats
rejected, IBSYS SORT MECHANICAL ORDER
data time
ordered
¥
CARD TO TAPE
time ordered
EDIT
data merged
converted to standard format
WWV time correction
transponder delay } R/R dats
TO MINIVAR



2.2.4.1.4 Data Rejection

Data will be rejected for the following reasonss

a. Data do not correspond to input station number

b. 1line identification (*." or "/") not present

c. date of data set selected for writing is less than

those already written (for that station)

d. last R digit of each 1line is a space

e. Any non-numeric information in X,Y,R,R,D,H,M,S,STA,

2.2.4.1.% Input

CARD VALUE COL
1 ISTA 1-5 .
2 ISTA 1-5
3 ISTA 1-5

PURPOSE

Particular
broken out

Particular
broken out

Particular
broken out

R-R station being
onto a separate tape

R-R station being
onto a separate tape

R-R station being
onto a separate tape

Maximum of 3 cards, hence maximum of 3 stations. If there are less

than three stations, then use only a corresponding number of input

cards. Data tape is placed on BS.

2.2.4.1.6 Output

The output is written on B8, B9, or BlO corresponding

respectively to pass 1, 2, or 3 in the exact format as read from BS5.

The total number of points written is output on A3.

2.2.4.,1.7 Subroutines Required
2.2.4.1.7.1 MASK - a FAP routine

See 2.1.4.1.7.1




2.2.4.1.7.,2 EOFIX - A FAP routine
See 2.1.4.1.7.2.
2.2.4.2 SORST
2.2.4,2.1 Purpose
This routine can do the preiiminary editing of the
raw R & é data. However, in this mode it serves only as a vehicle
for merging n £ 3 separate previously edited R/é data tapes onto
one in such a manner that they are time ordered.
2.2.4.2.2 Requirements
a. Each input tape has only 1 station's data
b. The data on each tapeape time ordered
c.. Each tape has an end of file at the end of the data
d. The data format is as prescribed in 2.1.4.1.2.
2.2.4.2.3 Method
One data set is read from each tape and the lowest
date is selected for writing. A set from a station tape to which
the written set corresponded is read into core to replace it. The
process is then continued until an end file is encountered on each
station tape.
2.2.4,2.4 Data Rejection
See 2.2.4,1.4,
2.2.4.2.5 1Input
See 2.1.4,1.5
2,2.4.2.6 Output

See 2.1.4.1.6,



2.2.4.2.7 Subroutines Required
2.2.4,2.7.1 MASK
See 2.1.4,1.7.1.
2.2.4.2.7.2 EOFIX
See 2.1.4.1.7.2.

2.2.4.2 EDIT

See 2.1.4.2.
2.3 Alternate 2
2.3.1 Fomof Data

g[é - in this alternate, it is assumed that the raw R/ﬁ
data are available on a tape per station basis with the data time
ordered.

| Mijnjtreck - the f and m data, already edited, can be puf

on cards and mechanically time o:dered; then placed back on tape (or
sorted by IBSYS sort).
2.3.2 Format

See appendices I and J for formats of the data as they are
made available.
2.3.3 Dats Flow

The following diagram fllustrates the data flow in this mode.
2.3.4 Required Programs
2,3.4.1 SORST

See 2.2.4.2,
2.3.4,2 EDIT

See 2.1.4.2.

\




4

raw R/R datas

edited ¥, m data

one tape per station » one tape, 12

time ordered

stations not
time ordered

SORST

| TAPE TO CARD |

1 tape,
bad formats » MECHANICAL ORDER
rejected, IBSYS ‘
data time SORT
ordered | CARD TO TAPE |
» time ordered
> EDIT fe

data merged

converted to standard format
WHV time corrections .
transponder delay R/R data

" TO MINIVAR

*“or any SORT program.







APPENDIX 1
THE GODDARD RANGE AND RANGE RATE SYSTEM

1.0 System Concept and Description

The primary function of the Range and Range Rate system is to
derive precise data for use in trajectory determination of the aero-
space vehicles. The principal data types are topocentric range,
range rate and angular information from each of 3 stations,

The prime operational objective of the system is a transportable
satellite tracking system which is simple in concept, uncomplicated
in operation, and dependable in performance. The design objective
is a system capable of determining range with an instrument precision
of 215 meters, range rate to £0.1 meters/sepond, and angular data.
to #0.1 degree when used in conjunction with appropriate vehicle
transponders and antennas at data rates of 8,4,2, and 1 times per
second (for R and ﬁ) and once per second (for angles). The system
is synchronized in time to WWV with a precision of better than 1
ﬁillisecond.

For range measurements the system uses a basic sidetone ranging

o o
1]

* o~
A A EIRL]

i

w»

ques for range rate it uses 3 coherent Doppler technique.
Angular data are obtained from X-Y mounted antennas in order to
obtain accurate and continuous data sround zenith.

Two separate radio frequency channels are provided between the
tracking station and the space vehicle. One channel is provided at
S-band for precision tracking to reduce the propagation anomalies

associated with lower frequencies. The other channel is at VHF to

provide tracking when smaller transponders are required. Also, the



VHF system provides a broad beamwidth antenna pattern for easier and
faster acquisition.

One mode of system operation is to extract range, range rate,
and angular data from the S-band portion of the system while
utilizing the VHF receiving system for the initial antennas acquisi-
tion function. In this configuration, the relatively broad beam-
width (approximately 16 degrees) of the VHF antenna will sector
scan around the expected approach azimuth angle until the VHF
receiver locks onto the 136 - 137 Mc Minitrack beacon transmissions
from the satellite. During this antenna acquisition function, the
S-band antenna (approximately 2.5 degrees beamwidth) is slaved to
the VHF antehna and the S-band transmitter is radiating. After the
VHF antenna acquizes, the satellite transponder is unsquelched by
the S-band carrier frequency and begins transmitting, since the S-
band antenna is pointing toward the satellite Sy virtue of the
slaving operation. The S-band receiver then locks onto the satellite
transmissions and automatically begins modulation of the ground trans-
mitter carrier frequency with the range tones. At the same time,
the S-band antenna system automatically adopts an autotrack mode of
operation. The S-band system is then independent of the VHF system
and is extracting range, range rate, and angular data.

Another mode of system operation is to acquire and track at the
VHF frequency. In this instance, the acquisition beacon will, in
actuality, be a single-channel VHF transponder developed and supplied

by NASA. The VHF transponder carrier frequency will be acquired by




the VHF ground receiver while the VHF antenna is sector scanned. The
antenna will automatically change to the autotrack mode, and range
tones will modulate the VHF ground transmitter carrier frequency
after carrier lock in the ground receiver. The VHF system will then
begin extracting range and range rate data. Antenna angular readouts
are not included as a part of the VHF antenna system. Angular data
can be obtained during VHF operation by slaving the S-band antenna

to the VHF antenna and recording the S-band antenna angular readout
data. The highest ranging tone presently contemplated for use with
the VHF transponder is 20 kc., due to frequency band allocation
restrictions. A 100-kc range tone frequency capability is provided
in the ground equipment for possible future usage.

The VHF and S-band ground system antennas are mounted on
identical X-Y pedestals which are lhydraulically powered. The VHF
antenna system consists of a 28-foot square array of cavity backed
slots. It provides 20 db of gain at the transmit frequency, 19 db
6f gain at the receive frequency, and it operates as a phase mono-
pulse tracking antenna. The S-band antenna system consists of two
l4-foot

nan
P e
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bolas mounted side by side on the pedestal.  One is
used for transmitting with a gain of 35 db. The other parabolic
antenna is used for receiving with a gain of 33 db and utilizes

amplitude monopulse tracking. The use of separate transmitting and

receiving S-band antennas permits a considerably lower effective
receiving antenna noise temperature. The distance between the two

antenna systems is about 400 feet.



Ten kilowatts of ground transmitter power are utilized for both
the VHF and S-band equipments, yielding adequate signal strengths
to the up-link. The power output of the transmitters is switchable
to a l1-kw level for close~in tracking, if necessary to avoid trans-
ponder saturation.

Range measurements are accomplished by the use of ranging side-

tones where the phase delay of these ranging sidetone frequencies

is directly proportional to the two-way range between the tracking
antenna and the satellite. The ranging sidetone frequencies are 500 kc,
100 kec, 20 kc, 4 kc, 800 cps, 160 cps, 32 cps, and 8 cps tones. The
highest frequency is selectable between 500 kc, 100 k¢ and 20 kc and

is used to détermine the finest increment of range, and the lower
frequency tones are used to remove range measurement ambiguities.

The five-to-one frequency difference is used in order to maintain a
maximum ability in’achieving automatic ambiguity resolation of the
highest sidetone frequency used.

The lowest frequency used is selectable between 160 cps, 32 cps
and 8 cps and will be determined by the maximum expected range during
a particular tracking mission. The range tones are phase modulated
onto the ground transmitter carrier frequency and transmitted to
the transponder. The transponder retransmits these tones, maintaining
ranging-tone phase coherence. The ground receiver recovers the rang-
ing-tone frequencies and decomplements. The extractor unit functions
to compare the phase of the received ranging tones with the trans-
mitted ranging-tone phase to determine range between the tracking

station and the satellite.
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Range rate or satellite velocity relative to the tracking
station is determined by measuring the received Doppler cycles per
unit of time, to determine the éverage velocity or range rate over
that time interval. In order to determine the Doppler frequency,
it is necessary to maintain frequency coherence of the ground trans-
mitter frequency through the transponder and back to the ground
receiver where it is compared in frequency against a coherent sample
of the transmitter frequency.

2,0 Data Recording and Format

2.1 Format
The data recording system, at least as far as the timing involved,
is quite complex. The explanation of the system'will start with a
description of the punch paper tape format (when printed).
First Line

XXXXXQ1RRRRRRRRQ2RRRRRRR"DDDHHMMSSQ3RRRRRRRRQ4RRRRRRR

Second Line

® & 0 0 0 8 0 SSSSS * o 90 0 0 0
YYYYYQ5RRRRRRRRQ6RRRRRRR/AAATTCCCCQ7RRRRRRRRQ4RRRRRRR
TTTAA1234

antenna position (sign and four places)

Y antenna position (sign and four places)

R Range (indicated at a A4 t)

é Range rate (indicated by a A t)

Q1 Quality of data-a space is good data, a(?) is faulty data;

indicator precedes data.

D Days

I-5



H Hours (Universal Time)

M Minutes

S Seconds (integer)

SAT Three digit satellite identification

STA Station identification

Cy Ambiguity and Resolution indicateér

02 Recordiﬁg Rate and punch ID

C3 S-band or VHF frequencies

Cy4 Range counter frequencies (10 or 100 mc)

2.2 Timing and Data_ Rate

The format described above contains 1 X-angle, 1 Y-angle, 4 R
and4 R data points. The R and R points are equally spaced with the
space being determined by the recording rate, as indicated by the

character C2.

R/R Sampling Rate Format Printing Time
8#*/sec 1 sec
4/sec ' 1 sec
2/sec | 2 sec
1/sec 4 sec

*¥At the 8 per second rate, two punches are required, each
punching at a 4 per second rate. Every other R and R pair
are printed on alternate tapes.

The time recorded on each frame is the integer second that

starts the frame, as determined by a timing system synchronized to

WWV,




The X and Y axis angles are sampled 30 microseconds following

the start-of-the-second given by the time printout. Thus, the X
and Y position sampling and printout rates will be once per second,
once per two seconds or once per four seconds, respectively.

The start of the range measurement occurs 25, 30 or 31 micro-

seconds following the reference pulses, depending on whether the
highest range tone used is 20-kc, 100 kc, or 500 kc, respectively.
Table I indicates the timing sequence, t, is the reccrded time, D
is the small delay described above.

The start of the range rate measurement always beoins with the

second zero crossing of the Doveler (+ bias) sinusoid fdllowing the
reference pulse. Since this sinuscid is not ccherently related to
the reference pulse, range rate measurements start anvvhere hetvern

\ p—y

the limits l/(fD+b) and 2/(fD+b), where (frn,y) = Deople

¥

plus kiasg

1

frequency; b = 960 ke at S-band: k = 30 kc at VWE, Table 1 also
b ?

es between the limits

PN

applies to the ranae rate system, except D |
just described.

2.3 C-Character Defini
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scters contalin information necessarv to the
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prcegram. Their use is in the following areas: ambiguity resclution,
accuracy resolution in range and range rate, and estimatina the error
in the measurement. Tables 'II, IT1I, IV and V indicete the sianificancs

of each character.
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Cy DIGIT AMBIGUITY (f ) RESOLUTION (£)
160 32 8 20 KC 100 KC 500 KC
1 X X
2 X X
3 X X
4 X X
5 X X
6 X X
7 X X
8 X X
9 X X
C, DIGIT PUNCH # RECORDING RATE (C/S) .
2 0 "
1l 2 1 2 4 8
0 X X
1 X X
2 X X
3 X X
4 X X
5 X X
6 X X
7 X X

TABLES I-II AND ITI: C1 AND Cy SYMBOL DEFINITIONS




CARRIER FREQUENCY

Ca DIGIT BIAS FREQUENCY
Up Fregu Down Freguency

0 500 KC 2270.1328 mc¢  1705.0 m&.

1 500 KC 2270.9328 mc 1705.0 mc.

2 500 KC 2271.9328 mc 170%,.0 mc

3 30 KC 148,260 mc 136 mc
C! DIGIT X AXIS Y AXIS RANGE COUNTER

0 slave slave 10 mc

1 slave slave 100 mc

2 slave auto 10 mc

3 slave auto 100 mc

4 auto slave 10 mc

5 auto slave 100 mc

6 auto auto 10 mc

7 auto auto 100 mc

8 ' neither neither 10 mc

9 neither neither 100 mc

TABLES I-IV AND V:

Cy AND C4q4 SYMBOL DEFINITIONS

I1-10




a. Ambiguity Resolution
The Cl digit indicates the lowest frequency employed in
the phase- instrumented ranging system. This information is employed
in the ambiguity resolution system described in Appendix D.
b. Accuracy Resolution | ’
The combined information in Cyp and C3 is used to resolve é.

The range rate (one way) is given by

*

P = 24}&( K-+£

where Atp>
¢ is the velocity of light
f, 18 the up frequency (defined by C3)
R 1s the bias frequency (defined by Cy)
N is the cycle count (defined below)
<At5 is the R reading in the data format

N is given by

Caq
C, o, 1, 2 3
o, 4 229262 14328
1, 5 131007 8187
2, 6 65503 4093
3, 7 32751 2046

€. Accuracy Estimation
The €4 digit is an indication of parts of the system which
are employed in making a measurement. These, in turn, provide a basis
for estimating the accuracy of the instrumentation in X, Y and range.
3.0 Station Parameters
Sites now in use or planned for the system and pertinent infor-

mation are as follows:



Rosman, N. C.

Station number 26

Status of site permanent
Geodetic net Vanguard

WWV correction 3.6 milliseconds

VHF antenna

geodetic parameters

Latitude 3%5°11°' 41,100"
Longitude 277° 7' 26.253"
Height 2890 feet

data precision (¥nstrument only)
qﬁ = 75 m V; = .75 m/s
0= 2.5 Ty = 2.5°
UHF antenna
geodetlic parameters
Latitude
Longitude Not presently used
Height above geoid

data precision (instrument only)

Scottsdale, Arizona

Station number 64
Status of site Mobile
Geodetic net Vanguard
WWV correction 1145 ms

VHF antenna




geodetic parameters

Latitude 33° 27' 42.740°
Longitude 248° 5' 52,720"
Height 1000 feet

data precision (instrument only)
UP = 75 m Gﬁ = .15 m/s

A = 2.5° Ty 2.5°

UHF antenna
geodetic parameters
‘Latitude
Longitude Not presehtly used
Height above geoid

data precision (instrument only}

Australia

Parameters not yet designated.

I-173



APPENDIX J
THE MINITRACK SYSTEM
1.0 System Concept and Description

The primary function of the Minitrack system is to provide very
precise angular data for the determination of trajectories of aero-
space vehicies. The data types are the direction cosines of the
angles between the station~to~-vehicle vector and the statior's geodeti§
east and geodetic north vectors. After proper data editing, time
correction (for WWV delay), and calibration, a precision of .00025
(in direction cosine) is achieved in both channels, Bias errors due
to propagation are not included in this error estimate; at the fre-
quency emplo&ed these errors can be severe. For this reason, the
antenna system has hot been engineered to receive signals below
60o from the zenith, thus very high refraction errors at low eteva-
tion angles are not encountered. Figure J-1 shows the relationship
between the standard deviation in direction cosine to its equivalent
angular error for 3 different values of the standard deviation in
direction cosine.

The system empiloys a 136 mc CW oscillator in the vehicle. The
ground system is completely passive; no ground-to-vehicle transmission
is needed. Thg ground antenna and receiver configuration i{s quite
complex since the separate east and north channels each contain suf-
ficent components to resolve ambiguities in the CW phase measuring

system employed.



Figure J-2 illustrates the relationship of the phase difference
between the signal, as received at each antenna, and the angle,/?-.
When the baseline length, B, is greater than the wavelength, /l ’
ambiguities result ‘since Aﬂ can change through more than one wave
length of the carrier frequendy, f,, as é? varies over the range
* 77"/2. These ambiguities are resolved by using additional antennas
whose baseline lengths, 5 , are much shorter than the baseline used
for the highest precision measurement,

The required quantity, YA , is related to the angle and the
actual measurement by

L= cosff= 42~

The Minitrack stations wefz originally designed for tracking
of vehicles with inclinations below 600. A fence of stations;
running in a roughly N-S direction along the east coast of North
America and the west coast of South America was established to pro-
vide at leasf one tracking interval per orbit.

Using this philosophy, the beamwidth of the antennas was
designed to be roughly 90° in the NS direction and 12° iﬁ-the EW
direction. Thus, the data in the,{ ~-direction cosine, taken at
angdés nearer 900, provided more accurate information, én the
average, than.the m-direction cosine information.

With the advent of satellites in more nearly polar orbits, some
of the stations were outfitted with antennas which have their antenna

patterns rotated 900, i.e., the 6° beamwidth pattern is in the NS
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direction, the 90° beamwidth pattern is in the EW direction. This
information is included in the data; it does not alter the accuracy
or data format of the system.

Thus, a high accuracy system is achieved for both polar and
equatorially oriented satellites without requiring complex orbiting
equipment. The data give the direction of the station-to-vehicle
vector, but not the magnitude.

This information provides reasonably high precision orbit deter-
mination. When combined with the high accuracy Goddard R/é system,

a very effective tracking system results,

2.0 Data Editing and Format

2.1 Raw Data Editing

The raw data from each of the tracking stations are received. &t
Goddard. Considerable data concerning calibration information are
included in the raw data format. Pricr to its use in a trajectory
determination program, the information is processed so that calibra-
iion and ambiguity resolution problems are removed and obviously in-
correct data points are deleted. In addition, blocks of 5 data

points are combined in a best least-squares fit to a second-order

polynomial. The output informaticn from the program is the direction

cosine value from this least-squares fit at the mid-point, in time,
of the data. The data, in their proper format, are used in the
orbit determination program.

2.2 Data Format

The raw Minitrack data, after processing, are output on magnetic

tape or cards in the format to be described below:




Col.

8-13
14
15,16
17,18
19,20
21
22,23
24,25
26
27-31
32
33-43
44-59
60

61-67

68-70
71

72

73-80

blank
year of launch
launch number

object number

blank

station designation (e.g., SNTAG6)

blank

year of data
month of Aata
day of data
ﬁlank

hour of data
minute of data

blank

second of data (decimal assumed between columns 28 &

blank

data grading {(not recommended for further use)

blank

sign (assumed plus if blank)

D

direction cosine valie (decimal assumed between columnrs

61 & 62)

blank

antenna indicator, E for equatorial mode, P for polar

type indicator,

blank

2
3

o

l - direction cosine
prt - direction cosine

LS



3.0 Statjon Parameters

Sites now in use are:

Fairbanks, Alaska
| station designation

datum

: . WWV correction

geodetic parameters

" latitude
longitude
height

data precision

07 = .00025

Blossom Point, Maryland
Station designation

datum

WWV correction

geodetic parameters

latitude
longitude
height
'data precision-
gz = .00025

Fort Meyers, Florida

Station designation
datum

_WWV correction

COLEG6
Vanguard

27.4 ms

64° 52' 18.591"

212° 9°' 47.387"

527 feet

.00025

§
kA

BPOING6
Vanguard

0.% ms

3% 25 49,.718"

282° §4* 48.170"

15 feet

G = 00025 G = 0
FTMYR6

Vanguard

5.8 ms

J-6




geodetic parameters

latitude 26° 32 53,516"
longitude 278° 8' 3.887"
height ' 11.56 feet
data precision
L= 90025 (7 =,00025 Eym= 0
East Ground Forks, Minnesota
station designation " GFORK6
datum Vanguard

WWV correction 7.2 ms

geodetic parameters

latitude 48° 1' 20.668"
longitude 262° 59 21.556"
height 823,0 feet
data precision
GZ = -00025  (77m=.00025 Q=10
ﬁa;tebeeshoek, South Africa
station designation JOBUR6
geodetic net E30Eur,
WWV correction 45.7 ms

geodetic parameters

latitude -25° 52' 58,862
longitude 27° 42' 27.931
helight 4988 feet

data precision

g = .00025, (/;m =.00025 _zf,mzo



Lima, Peru
station designation

datum

WWV correction

geodetic parameters

latitude

longitude

height
data precision

(2= .00025

Goldstone Lake, California

station'designation
datum

WWV correction

geodetic parameters

latitude
longitude
height
data precision
Gjl = ,0002%
Island Lagoon, Australia
station designation
datum

WWV correction

geodetic parameters

LIMAPG6
Vanguard
2002 ‘mS

© 46' 36.492"

-11
282° 50' %8,184"
161 feet

0o = .00025 Eomn = 0

MOJAV6

Vanguard

12,6 ms

35° 19' 48.525%
243° 6' 2.776"
3044 feet

(= 0

@/ = .00025

OOMEBR6
Australian

59.1 ms




-

latitude
longitude
height

data precision

2z = .00025 Um =
Qujto, Equador

station designation
datum
WWV correction
geodetic parameters
latitude
longitude
height
data precision

G¢g= .0002%

station designation
datum
geodetic parameters
latitude
longitude
height
" data precision

(2= .00025,

-31° 23' 30.638"
136° 82" 19,634"

436 feet
.00025 Pgpm= 0

QUITO6
Vanguard

161 ms

-0° 37' 21.751"
281° 25° 14.770"

11,703 feet

= o=
U/ =.00025 i O
SNTAG6
Vanguard
28.7 ms

U

-33% 8' 88.106"
289° 19' 51,283"

2280 feet

=,00025, F}ﬂn:c



Winkfield, England

station designation WNKFL6
datum E30Bur.
WWV correction 20.8 ms

geodetic parameters

latitude . 51° 26°' 44,122"
longitude 359° 18' 14.615"
height 215 feet ‘

data precision

(f = .00025, (n = .00025 Capm= 0 4

St. Johns, Newfoundland

station designation NEWFL6
datum Vanguard
WWV correction 8.1 ms

geodetic parameters

latitude 47° 44" 29.049"
longitude _ 307° 16' 43,240"
height 208 feet

data precision

gy : .00025 Ty = . 00025 Bm: O

J=-10




APFENDIX K
CORRECT IONS FOR GEODETIC NET ERROR

Kaula (Raf. 18) has recommended that the principal geodetic
nets now in use as the basis for station location information are
shifted with respect to each other. These errors, given in a
coordinate system with u toward Greenwich, w toward the pole and
v completing the system, are given below,

' For stations connected to the principal geodetic control system

of the Western Hemispheres

Meters
Au LV AW
N. American Datum -23 +142 +196
S. American Datum -303 + 98 -344
SAO SP 59 - 6 +212 - 96
Vanguard - 22 +147 + 9
a- 26 22 22

For stations connected to the Furope-Africs-Siberia-India geodetic

systems:
Meters

4y L3V Dw
European Datum - 57 - 37 - 36
Indian +2C0 +782 +271
Arc -109 - 70 ~-289
SAO SP 59 -150 - 2 ~ 33
g 23 29 23



For stations connected to the Japan-Korea-Manchuria geodetic system:

Meters
A u av 4w
Tokyo - 89 +551 +710
SAO SP 59 + 37 -268, - 82
T 40 53 40

For stations connected to the Australian system:

Meters
du dv Aw
Sydney +368 +173 -290
SAO SP 59 +192 ~-106 + 44
T 75 90 35

For stations connected to the Argentine system?

Meters
Jdu dv Aw
SAQ SP. 59 -107 +173 + 34
G— 180 160 16

It should be emphasized that for stations connected to the sam-
geodetic control system, the errors between stations should be less

than 220 meters.




minute of data

blank

27-31 second of data (decimal assumed beijwéen columns 28 and 29)

32

33-34

Lk-59

60 sign (assumed™Nptus if blank)

61-67 direction ebsine velye (decimal assumed between columns 61 and 62)
68-70 bla

71 tenna indicator, E for equatongl moce, P for polar mode

type indicetor, 2 = { - direction cos
3 = m - direction cosine

73-80 blank KpvLp's ELLIPSolD

STATION PARAMETERS

D1TES UW 1lIl UPT QLG.

Fairbanks, Alagka

Station designation COLEGE

L Station number {1)
datum Kaula's Ellipsoid
WWV correction . 27.4

geodetic parameters
‘latitude 64°52118".119

longitude 147°%50122".953

height 563.0 feet

data precision

i
o

o] = .00025 Gm = ,00025 p{m

| kg

S
#o 3



Blossom Point, Maryland

Station designation BPOING

Station number (2)

datum Kaula‘s Ellipsoid
WWV correction 0.5 ms

geodetic parameters

latitude 38%25 149" 972
longitude -77055'11".h49
height -122.0 feet

data precision

o, = .00025 o = .00025 p,
Fort Meyers, Florida
Station designation FTMYR6
Station number (3)
datum Kaula's Ellipsoid
WWV correction 5.8 ms
geodetic parameters
latitude 26°32153" 500
longitude -81%5156".148
height -128.0 feet
data. precision
OL = ,00025 o, = .00025 p{m



East Ground Forks, Minnesota

Station designation

Station number {(4)

datum

WWV correction

geodetic parameters

latitude
longitude

height

data precision

(o}

Hartebeeshoek, South Africa

£

.00025

Station designation

Station number (5)

datum

WWV correction

geodetic parameters

latitude
longitude

height

data precision

c

& .

.00025

|
|
|
|
-25%5350" 225
= 0
|
|

GFORK5H

Kaula's Ellipsoid

T.2 ms

48°1t21" 411
~79%0138", 134
693.0

op = .00025

]
(o

Ptm

JOBURG |
Kaula's Ellipsoid

45.7 ms

27%u2127". 706
5599.0 feet



Lima, Peru
Station designation
Station number (&)
datum
WWV correction
geodetic parameters
latitude
longitude
height
data precision
o_ = .00025

m

Goldstone Lake, Californis

Station designation
Station number (7)
datum
WWV correction
geodetic parameters
latitude
iongitude
height
data precision

= ,0002
c{ 0025

-LIMAHS

Kaula's Ellipsoid

20.2 ms
-11°46135".972
ATTO9 LN b

11,0 feet

o, == ,00025

MOJAV6E

pm=o

Kaula's Ellipsoid

12.6 ms

35%19 148" .163
-116%54 10" .6340
2978.0 feet

% . 00025

n
O

P



St. Johns, Newfoundland

Station designation NEWFL6

Station number (8)

datum Keaula's Ellipsoid

WWV correction 8.1 ms

geodetic parameters

latitude b7°4l 129" 338
longitude - 52%43113" 326
height 118.0 feet

data precision

c& = ,00025 cm = ,00025 ptm
Island Lagoon, Australia
Station designation OOMER6
Number designation (9)
datum Kaula's Ellipsoid
WWV correction 59.1 ms
geodetic parasmeters
latitude -31°23131",059
longitude 13%6°5215", 332
height 644 .0 feet
data precision
Oy = .00025 o, = .00025 p!m
a8



Quita, Ecuador

Station designation

Station number (10)

datum

WWV correction

geodetic parameters

latitude
longitude
height

data precision

c{’ = ,00025

Santiago, Chile

Station designation

Station number (11)

datum

WWV correction

geodetic parameters

latitude
longitude
height

data precision

GL = .00025

QUITO6

Kaula's Ellipsoid

16.1 ms
o n
-0°36'37".943
~78°34 144" 986

11,560.0 feet

Q
L]

SNTAGE

.00025

Pam

Kaula's Ellipsoid

28.7 ms

-33%8157".665

-70°40 17" .6k41

2115, feet
Um = ,00025
> =

-5

p



Winkfield, England

Station designation WNKFL6

Station number (12)

datum Kaula's Ellipsoid
WWV correction 20.8 ms

geodetic parameters

latitude 51°26 140" .639
longitude _o 147", 337
height 396. feet

data precision

c{ = .00025 o, = .00025
Rosman, N. Carolina
Station designation ROSMAN
Station number (13)
datum Kaula's Ellipsoid
WWV correction 3.6 ms
geodetic parameters
latitude 35%0 148" .628
longitude -82%52133" 750
height 2725. feet
data precision
OL = ,00025 o, = .00025 o
TR
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Scottsdale, Arizona

Station designation

Station number (1k)

datum

WWV correction

geodetic parameters

latitude
longitude
height

data precision

Op = .00025

SCOTTSDALE

Kaula's ellipsoid

11.45 ms

33%27 143", 071

-111%54110".158

1160.0 feet
qm = .,00025 p{m
S



reproducible
26-65
+
reproducible
66
67
68

69-70

DISTRIBUTION LIST

AuOo 32561-01

R
s

Goddard Space Flight Céxtef (via D. Proctor, 3R112)

D. Proctor //

Engineering
Inventiong’ Research
R.T. Hanlett

Publications Sécurity

3R112

1A38

- 35118

1P30

G31



